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ON THE QUESTION OF THE UTILIZATION OF 
AMINO ACIDS AND FAT BY THE 
MAMMALIAN HEART. 


By E. W. H. CRUICKSHANK ann d. S. McCLURE. 


(From the Department of Physiology, Dalhousie University, — 
Halifax, N.S., Canada.) 


(Recewed June 11, 1935.) 


THE purpose of this research was to determine whether or not the heart in 
the absence of circulating carbohydrate would utilize added amino acids, 
and to secure further evidence for the direct oxidation of fat by the heart. 

That ammonia appears in muscle and in fluids by which muscle or 
organs have been perfused has been demonstrated by many [Warburg, 
Posner, and Negelein, 1924; Winterstein and Hirschberg, 1925; 
Embden, 1927; Embden and Schumacher, 1929; Lehnartz, 1929; 
and Clark, Gaddie and Stewart, 1931]. Meyerhof, Lohmann and 


Meier [1925] and Reinwein [1928] have stated that with good oxy- 


genation sections of liver, in contrast to muscle, are capable of forming 
ammonia from amino acids. But when dead or dying tissue is used in 
thin sections one is confronted with the fact that other than living 
processes are at work. That the living kidney will produce ammonia has 
been demonstrated by Nash and Benedict [1921], Gottlieb [1928] 
and Embden and Schumacher [1929]. 

The work of Krebs [1933] would go to show that the amino acids are 
deaminated not only in the liver but also in the kidney of the rat and that 
the formation of ammonia is 3-10 times greater from the non-naturally 
occurring amino acids than from the natural amino acids. György and 
Röthler [1927] have shown that liver, kidney, thymus and muscle, as 
well as extracts of these tissues, are capable of forming ammonia from 
sodium nuclein (Merck) and adenosine under conditions in which for the 
liver the optimum pH is 5-2-5-5. They also state that, for several kinds of 
tissue, ammonia arises either from known amino acids by methods in a 
manner incompatible with the known laws of autolytic production of 
ammonia in tissues as by enzymes or, and this they regard as certainly 
unlikely, from protein, urea or by deamination of amino acids during 
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autolysis. According to these authors a survey of well-controlled experi- 
ments fails to show any power on the part of tissue to deaminate glycine, 
alanine, asparagine, or leucine. Bornstein and Roese [1929] have 
shown that while the liver perfused with blood is able to produce large 
amounts of ammonia from glycocol, alanine and asparagine, the muscles 
of the perfused extremities have no ability to alter the NH, content of the 
blood. That ammonia formation from amino acids does not take place in 
the absence of the liver is the conclusion of Bollmann, Mann and 
Magath [1926]. | 

The question then arises, is the mammalian heart capable of deami- 
nating amino acids? | 

METHODS. . 


Blood sugar was determined by the No. 50 modification of the 
Shaffer-Hartmann[1930] method described by Shaffer and Somogyi 
[1933], ammonia by a slight modification of the Parnas and Heller 
{1924] method, urea by aeration [van Slyke and Cullen, 1916], amino- 
acid nitrogen of the blood by the van Slyke manometric apparatus 
{1929]. Amino-acid nitrogen of the heart muscle was estimated by a 
modification of the method described by Luck [1927], in which 3-5 g. of 
muscle taken from liquid air were weighed in 0-01 N acetic acid, trans- 
ferred to a 50 c.c. volumetric tube with 30 C. c. boiling 0-01 M acetic acid 
and heated on a boiling water bath for 7 min. After adding 3 c. o. of 5 p. o. 
trichloracetic acid and making up to 50 c.c., 2 g. of infusorial earth were 
added and the tube allowed to stand for 1 hour or more. The supernatant 
fluid was carefully filtered and the filtrate made up to 50 C. c.; of this, 
5 c.c. were taken for the estimation of amino-acid nitrogen. Fatty acids 
were estimated by the saponification method of Liebermann; 15-20 g. 
of the frozen heart muscle were taken saponified, acidified and fat 
extracted with petroleum ether; a fraction of a known volume of the 
petroleum ether was dried to a constant weight in a stream of CO, 
[Leathes and Raper, 1925]. Acetone was determined gravimetrically 
by the method of van Slyke and Fitz [1919]. Glycogen was determined 
by the modification described by Good, Kramer and Somogyi [1933]. 
The gaseous metabolism of the heart-lung preparation was determined 
by a method previously described [Cruickshank and Startup, 1933 al. 
Phosphorus fractions were estimated by the method of Eggleton and 
Eggleton [1929]. 

For the estimation of ammonia in muscle it is necessary to freeze the 
tissue at once in liquid air and weigh in a cold saturated solution of borate 
with a pH 9-3. The estimation of ammonia in blood requires constant 
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attention to detail. The steam distillation method of Parnas and 
Heller [1924], with modifications by Parnas and Klisiecki [1926], 
was used, but distillation was carried out slowly taking not less than 
20 min. Certain precautions mentioned by Gottlieb [1928] were 
carefully noted, with the result that over a long series of estimations we 
found no increase in the ammonia content of the blood during any one 
experiment and our average figure for the series was 0-070 mg./100 c.c. 
Titration was carried out with 0-004 N NaOH; the indicator used was at 
first that of Embden et al. [1928], and latterly that suggested by 
Gottlieb [1928]. It was found that the Embden indicator kept better, 
while the Gottlieb mixture on account of the 93 p.c. alcohol used had to 


be regularly checked, otherwise the sharpness of the end-point was some- 


what blurred. The amino acids used were obtained from Hoffmann la 
Roche, Basle, Switzerland. 


OF RESULTS, 


The activity of muscle is always associated with the production of 
_ammonia. The ammonia, according to Embden, Riebeling and Selter 
[1928] and Embden and Schmidt [1930], is derived in the skeletal 
muscle of the frog from the breakdown of adenyl-pyrophosphate which is 
part of the coferment system in the hydrolysis of carbohydrate [Me yer- 
hof, 1930 a, 6]. Pohle [1929] has shown that ox heart muscle also con- 
tains adenyl-pyrophosphoric acid, and has stated that ammonia may be 
derived therefrom. Ostern [1930] stated that the frog’s heart beating 
at 32-38 per min. and kept moist with Ringer’s solution produces a not 
inconsiderable amount of ammonia, namely, in eight experiments, from 
0-0064 to 0-0125 mg./g./hour. Clark, Gaddie and Stewart [1931] 
showed that the perfused heart of the frog produces 0-027 mg. NH, 
nitrogen in 24 hours, the average weight of the heart being 0-196 g. This 
means that the frog’s heart produces NH, at the rate of 0-0056 mg./g./ 
hour. 

All such perfusion experiments lead to the conclusion that ammonia 
is produced by the heart, that the ammonia so formed is not utilized for 
resynthesis, and that the ammonia necessary for the restoration of 

adenosine phosphate comes from amino acids. In such experiments 
there is a washing out of ammonia over a period of from 6 to 48 hours, 
and no opportunity i is afforded for its re-utilization. In the living mam- 
malian heart in which a known amount of blood is kept in constant 
circulation there is no possibility of any loss of formed ammonia, and the 
opportunity for its re- utilization is ever present. Were ammonia, liberated © 
1—2 
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Period 
Time 
No. min, 
0 60 
1 30 
2 30 
3 30 
0 45 
1 60 
2 60 
3 60 
0 60 
1 30 
2 30 
3 30 
4 30 
0 30 
1 60 
2 60 
3 60 
0 60 
1 30 
2 30 
3 30 
4 30 
0 
1 30 
2 30 
3 30 
4 30 
0 45 
1 60 
2 60 
3 60 
4 60 
0 60 
1 60 
2 60 
3 60 


N.B. The figures in brackets indicate the number of experiments carried out. All results were strictly comparable 
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by an increase in the ammonia of the blood and heart muscle. The figures i 
for the ammonia content of the blood in Tables I and II give an average 
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by the processes of contraction, not re-utilized, it would accumulate in 
the blood and in the heart muscle. Further, were amino acids utilized 
by the heart as a source of ammonia for synthetic processes, there would 
be a loss of amino-acid nitrogen from the blood and tissue, accompanied 


TaxLx I. Showing the results of feeding amino acids to the aglycamic mammalian heart, no insulin 


213-6 
132-3 
122-1. 


being given. An asterisk denotes natural amino acids. 


R. Q. 


1-18 
0-74 
0-67 


Blood 
g. p. e. mg. P. c. 
Normal (3). ‘ 
0-089 8-18 
0-027 8-43 
0-017 8-61 | 
Glycine (6 
(6). 
0-048 6-64 
0-020 18-12 
Nil 17-02 
d-l-alanine (4). 
0-040 7-67 
— 19-39 
0-012 18-80 
Nil 18-80. 
l-phenyl-alanine* (2). 
0-075 1-32 
0-038 15-88 
0-015 16-40 
d-phenyl-alanine (2). 


0-022 8-48 
0-017 8-73 
Nil 15-01 


Nil 1487 
d-leucine (1). 
— 7.35 
Nil 11.75 
Nil 11-69 
L-leucine* (2) 
0-036 8°75 
0-021 
0-018 36-90 
Nil 35-94 
L-valine (2). 
— 74 
0-018 2897 
Nil 28-97 
Nil 29-36 


Heart=51g. ! 

68g. 
phenyi-alaniog 
Heart =38 g. 


14% phenyl 


1-2 g. leucine 
Heart =39 g. 
1-5 f. leucine 
Heart =47 
1g. valine 


2 


— 


on 


on 8 


| 
ABLE 
3 Blood Blood 
urea NH, NH, 
4 CO, 0, — mg. p. e. mg. p. e. Remarks 
75 91 0068 Heart g. 
4 107-5 172-0 1-09 10-0 0-068 3 
a 122-1 141-1 0-86 10-8 0-068 No amino acid 
q 81-4 123-5 0-69 11-0 0-068 
4 802 0102 Heart =44 g. 
213-7 1-00 7-00 0-068 
N 162-9 200-0 0-81 7˙87 0-068 0-5 g. glycine 
4 127-2 206-3 0-64 8-45 0-068 
— — — — — Heart - 45 g. 
101-8 90-7 1-02 8-71 0-068 
4 61-0 86-2 0-71 8-97 0-034 1 g. alanine 
4 56-0 77. 0-72 8-97 0-034 
2080 267 ofl 1312 00051 
3 168-8 226-7 0-74 14-10 0-057 
1418 2267 062 14.25 0061 
1874 13850 101 9.3 0-102 2 
1 112-0 139-0 0-80 8-2 0-102 
1018 1440 071 9:5 0-102 
4 91-6 144-0 0-64 10-4 0-068 
4 ints — — — — Heart - 43 g. 
4 107-2 108-00 099 7.1 0-102 
4 163 108-0 0-70 
66:2 100-4 0-66 7.1 0-102 
q 61-08 93-7 0-65 8-4 0-085 
4 152 1440 1006 9 00068 | 
4 137.4 144.0 0-95 
q 11707 1530 0-76 10-55 0-068 
4 110-0 163-0 0-68 9-90 0-068 
— 12-00 0-068 
q 180-6 11-35 — 
180-6 10.50 0-068 
q 180-6 11.35 0-068 
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for isolated heart-lung preparations of 0-070 mg./100 c.c. Had there been 
a 50 p.c. increase in the titration in 1 hour the total increase in 600 0. c. 
of circulating blood would have been 0-210 mg., which, for an average 
heart of 50 g., would give an ammonia production of 0-0042 mg./g./hour 


Fraun II. Showing the effect of 5 units of insulin half-hourly, alone, and with amino acids on the n. d., blood sugar and 
: nitrogenous metabolism of aglyceamic heart muscle, An asterisk denotes natural amino acids. 


Period 
1 Blood Blood Blood Blood 
: Time sugar NH, N urea N NH, 
do. min. co, 0. R. O. g. p. e. mg. p. o. mg. p. e. mg. p. c. Remarks 
: Insulin (2) | 
10 — — — — — 6-36 10-3 0-068 Heart =73 g. 
1 30 173-0 169 ·6 1-02 0-098 6-33 110 ‘us 
132-3 185-2 073 0041 11-4 0-068 No amino acid 
3 30 137°4 192-0 0-71 Nil 5-15 11-8 es 
4 30 1323 185-2 0-71 Nil 11-8 0-051 
ad Glyeine (2). 
go — — — — hs 8-4 3 0-102 Heart =45 
> 60 208-6 228-5 0-92 0-022 21-6 12-3 0-102 0-68 g. 1 
8 60 162-8 236-6 0-71 Nil 21:3 11-7 0-102 : 
60 157-8 232.1 Nil 21.3 118 
e | r-alanine (5). 
— — — — 1:8 0-061 1-5 g. alanine 
1 30 152-8 141-4 1-08 0-032 20-15 7.9 0-061 
| 2 30 105 132˙3 0-81 Nil 19-62 8-4 0-061 Heart =90 g. 
ö 3 30 101-8 132-3 0-77 il 8-8 0-061 
4 30 91-6 132-3 0-70 Nil 19-92 8-4 0-061 
a-phenyl-alanine (1). 
0 — — — 6-14 13-1 0-056 Heart =99 g. 
1 30 178-1 180-0 0-99 0-030 12-37 13-3 we 26 g. phenyl- 
an 
2 30 1476 1890 0-77. Nit 12-58 0-056 
3 30 137-4 193-5 0-70 Nil 12-77 13-1 0-056 
ine 3 d-phenyl-alanine (2). 
| 0 — — — — — 7-25 9-9 0-068 Heart =53 g. 
1 60 198-5 205-0 0-96 0-03 16-2 10-6 — 1-5 g. phenyl- 
© 676 i974 O74 Nl 166 103 0084 
Iphenyl-alanine (2). 
> 60 188-3 191-8 0-98 12-6 9-0 — 1-5 g. phenyl- 
| 2 60 1527 2160 0-71 Nil 11.7 9-2 0-056 
g. 3 60 137.4 198-0 069 Nil 11-7 0-042 
l-leucine* 
% 1 60 1083 106-3 1-06 0-038 10-2 0-084 2 g. leucine 
2 60 93-9 115-8 0-81 Nil 14-1 9-7 0-084 
By 60 72.2 1 Nil 14-4 9-3 0-056 
valine (2). 
: 2 8 
an 3 60 223-9 314-5 0-71 Nil 310 12-9 0-051 
3 3 60 203-6 2 Nil 31-3 14-2 0-051 
. Glutamic acid (2). 
8. 25 0-102 Heart =67 g. 
i 168-1 162-0 1-03 0-080 11-64 0-102 028 glutamic 


0 
1 
0 2 28 2 162-0 0- 
abe 3 117-1 166-5 0-70 


0-028 12-61 0-136 
0017 11-64 12-25 0-102 
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of heart muscle. Many of these experiments, however, lasted 3 hours, 
which would reduce the ammonia production to 0-0014 mg. /g. / hour. 
From a survey of the figures for the ammonia content of the blood through- 
out these experiments we cannot conclude that the perfused living heart 
liberates ammonia in any such appreciable quantity. Ammonia formed in 


contraction of the heart muscle, if it is not used for resynthesis of adeno- 


sine phosphate is certainly not allowed to accumulate in the blood. This 


is not in accordance with the view of Parnas [1929] that in frog muscle 


the ammonia set free is not used for reamination, and that the aerobic 

con version of inosinic to adenylic acid is probably brought about by the 

oxidative deamination of amino acids. Embden [1931] and his co- 
workers, however, have always regarded the production of ammonia as a 
reversible process. 

_ Under conditions of normal blood sugar with an R. O. = 1-0 there is no 
evidence of an increase of ammonia in the circulating blood of the 
isolated heart-lung preparation ; this would suggest that ammonia formed 

during contraction is utilized during recovery for the processes of re- 

_ synthesis. Tables I and II show that there is no change in the amino-acid 

nitrogen nor in the ammonia of the circulating blood. Table III shows 


TaBxE III. Showing the amino-acid nitrogen and NH, nitrogen content of the heart, in 
mg./100 g. of heart muscle, following perfusion with amino acids, with insulin. 


Normal mental Normal mental Amino acid. 

42-14 43-04 2-38 2-04 Nil 

39-26 41-50 1-61 1-64 Nil 

41-96 41-13 1-78 1-98 i 

57-50 56-02 2-72 2-95 Glycine 

55-80 58-35 1-89 1:95 alanine — 

49-20 53-40 138 1-54. r. alanine 

48-25 47-85 2-44 2-50 d-phenyl-alanine 

49-10 50-90 2-96 20-90 l-phenyl-alanine 

48-04 51-22 1-78 1-95 l-leucine 

60-00 65-30 1-57 1-85 Glutamic acid 

— — 1-45 1-47 Valine | 

Average 49-13 50-96 1-99 2-08 | 


that a similar constancy characterizes the heart muscle, where the average 
figures for amino nitrogen are 49-13 and 50-96 mg. and for ammonia 1-99 
and 2-08 mg./100 g. of cardiac muscle for normal and experimental 
hearts respectively. The question as.to whether the isolated muscle can 
make use of ammonia derived from added amino acids depends upon the 
answer to the question as to whether or not cardiac muscle will deaminate 
added amino acids, If the utilization of glycine, alanine, glutamic acid ot 
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aspartic acid by muscle would result in the formation of ammonia or 
urea, then sugar formation and its utilization would cause a change in the 
R. O. towards unity. It is also sound to conclude that, if the aglycwmic 
heart shows an equicaloric change when transforming from carbohydrate 
to fat as the source of energy the change from an R. O. of 0-7 to unity 
would involve no alteration in caloric requirements. This would mean 
then that there would be no change in oxygen utilization. | 

If, as Lusk maintains, certain amino acids upon deamination form 
glucose, then ammonia formation or amino-acid utilization by the living 
muscle would be accompanied by an increase in the sugar in the blood 
or of glycogen in the heart. It has been shown [Cruickshank and 
Startup, 19336] that in aglycmmia the R. O. of the heart falls rapidly 
from 1-0 to 0-7, the rate of change depending upon whether insulin is 
given or not. Under such conditions the question arises as to whether or 
not protein is metabolized in the course of the change from carbohydrate 
to fat oxidation. If an amino acid such as glycine be utilized by any tis- 
sue, sugar, urea and oxygen will be formed; the oxygen formed will not 
be sufficient for the oxidation of the sugar, but in view of the fact that 
sugar is being burned more CO, will be produced. According to Ringer 
and Lusk [1910], 0-5 g. of glycine produces 0-4 g. of carbohydrate which 
requires approximately 300 C. c. of oxygen for its combustion. Since, 
according to these authors, 75 c. c. of oxygen are formed, then 225 c.c. of 
oxygen must be obtained from extraneous sources. Cremer [1912] 
believes that only three-quarters of the carbon of glycine passes over into 
glucose, which means that 0-5 g. of glycine would form 0-3 g. of glucose, 
and since no oxygen is formed in the breakdown then for the combustion 
of the carbohydrate 225 c.c. of oxygen are required. 

The implications attending amino-acid utilization by heart muscle are 
best seen by considering what would happen if 0-5 g. of glycine were 
utilized. 

It may be taken that a 50 g. heart will utilize 200 c.c. 8 
duce 140 c.c. of CO, per hour under strictly aglyceemic conditions, thus 
giving an R.Q.=0-7. 

The R. O. of glycine if urea r only be formed is unity, if ammonia be evo 
* it is 1-32, 


glycine glucose urea 
300 g 180 g. 120 g 
0-5 g. 03 g 0˙2 g 
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0-2 g. urea will give rise to 0-113 g. NH, and 0-366 g. CO, 745 c. o. 


If the aglycemic heart is to revert entirely to glycine for its energy 
needs it must have available from glycine carbohydrate equivalent to 
200 0.0. of oxygen, namely 0-268 g.; that is to say 0-445 g. of glycine 
must be utilized. Further, this would be associated with an increase of 
60 C. o. in CO, to bring the R. O. to unity. In these experiments 0-5-0-75 g. 
of glycine was added to the perfusing blood the total volume of which was 
kept between 500 and 600 c.c. 

The demonstration of the utilization of protein or added amino acids 
therefore depends upon a record of CO, formation, oxygen utilization, 
sugar formation and combustion, ammonia and urea formation, and 
alterations in the amino-acid nitrogen content of the circulating blood. 

The figures given in the tables indicate no change in amino nitrogen 
nor any change in ammonia or urea formation which would be com- 
mensurate with the amount of carbohydrate necessary for a glycine 
utilization by a heart consuming 200 c.c. of oxygen per hour. The small 
changes in the amino-acid nitrogen content of the blood which occur 
from period to period when amino acids are added are similar to those 
seen during an isolated heart-lung experiment; for the isolated heart-lung 
preparation to which no amino acids have been added they average from 
—0-23 to +0-39 mg./ 100 C. 0., for the experiments with added amino 
acids the changes average from —0-49 to +0-30 mg./100c.c. Such 
variations being comparable in the two cases do not, in the absence of 
other signs, permit the conclusion that they are indicative of amino- 
acid utilization by the isolated heart. There is, on the contrary, sufficient 
evidence to support a negative conclusion so far as added amino acids 
are concerned, for the results are the same for all acids examined. With 
a steady oxygen utilization there is a steady fall in CO, produced as the 
sugar rapidly disappears from the blood until the R. G. reaches 0-7, at 
which point both O, and CO, are practically constant. In no hourly 
period was there an increase in the R. O. following the addition of amino 
acids to the circulating blood. ; 

Glycogen content of the heart. The glycogen suffers no great change. 
The figures in Table IV are closely in agreement with previous results on 
the normal and insulin aglycemic heart (Cruickshank and Startup, 
19336]. It is clear that without insulin the carbohydrate reserves are 
called upon, the glycogen content falling from a normal average of 
0-686 g./100 g. to 0-449 g./100 g., a decrease of 34-5 p.c. It is clear from 
Table I that this loss takes place during the period of the hour preceding 
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Taste IV. Showing the glycogen content of the aglycemic heart in g./100 g. of muscle 
in the presence of amino acids with and without insulin. 


Normal heart 
Amino acid Without insulin With insulin (bled dog) 

Glycine 0-436 0-675 
r- alanine 0-447 0-630 0-786 
d-l-alanine 0-380 0-755 0-603 
d-l-alanine 0-485 — 
0-476 0-668 0-755 
d-leucine 0-472 0-620 0-616 
Valine 0-468 — 0-697 
acid 0-480 0-637 0-676 

0-449 0-636 0-686 


Lone of n in aglycemia = 34-5 g. p. o. 

and (J. Physiol. (1934) 80, 179). 
—— isolated heart (no exper. performed 08552 g. 

Normal isolated heart with insulin poet 763 f 

Aglycemic heart with insulin =0-570 : 
CFC 0-600 g. 


the taking of the first samples for estimation. With insulin in the presence 
of amino acids there is practically no change in the glycogen of the heart. 
It is noteworthy that in a non-insulin — there is no great 
depletion of cardiac glycogen. 

These results also show that with insulin all mechanisms associated 
with carbohydrate oxidation are, in the absence of blood sugar, entirely 
neglected, and that the heart is forced, as the respiratory quotient 
indicates, to fall back on fat for the supply of energy. 

Phosphorus fractions. Table V gives the results for phosphorus frac- 
tions for eight normal hearts. The average figures are in close agreement 
with those given for the guinea-pig’s heart by Eggleton and Eggleton 


Tax V. Showing phosphorus fractions in normal hearts, in mg./100 g. 


5-2 27˙5 24:3 16-2 18-9 92-1 
7-9 29-4 31-3 14-9 13·˙3 92˙3 
6˙5 30-2 30-5 15-2 15-7 98-1 
4-1 21:7 32-2 17˙5 18-8 94-3 
6-7 29-8 33-6 16-2 14-1 100-4 
6-7 29-1 35-4 18-2 13-8 103-2 
4:2 812 27.8 14˙2 16˙7 94-1 
6-7 31-2 32-2 14-6 14-5 97-4 
Av. 5-9 28-76 30°91 15-87 15 73 96-48 


925-30. In Tables VI and VII are given the results of adding amino 
acids to the blood perfusing the isolated heart, with and without insulin. 
For convenience the average figures are grouped in Table VII and they 
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Taste VI. Showing phosphorus fractions in experimental hearts. With 4 
amino acids but no insulin in mg./100 g. . 
1 2 3 4 5 6 5 
Phos- Ortho- Pyro- Soluble Insoluble Total 5 
Alanine 5˙8 30˙5 31˙2 16˙2 14˙5 98-5 = 
Alanine 5-7 29-5 15-5 14:4 95-7 
Glycine 8-2 27 ·˙5 29-2 15-3 14-3 
Glycine 54 28.3 29.1 14-3 168 93:3 
Glycine and alanine 5-5 24-5 27-6 15.7 14:8 88-1 . 
d-leucine 5:8 23-2 247 19-6 18-7 92-0 
L. leueine 5-6 30-1 14-8 15:1 95-0 
Valine 8 312 15-2 15- 92-5 
phenyl - alanine 6-7 29-1 35-8 17.2 16.1 104.9 
Average 6-00 27-66 29-93 15-90 15-72 95-28 2 
Tann VII. Showing phosphorus fractions in experimental hearts to which amino 5 
acids and insulin have been given in mg. / 100 g. 


Phos- Ortho- Pyro- Soluble Insoluble Total 
Amino acid phagen phosphate phosphate esters esters phosphorus 
5-8 25-7 32-2 161 21-5 101-3 
9-6 99-0 


Glycine 49 1068 1 
Glycine 6-7 27-6 30-7 143 18-4 7 a 
d-leucine 7:3 252 32:5 15:2 196 1018 
Valine 8-4 29-4 31-3 149 13-3 3 4 
Valine 2-8 25-9 29-1 22-0 14-1 
a-phenyl-alanine 7.2 35:6 24-2 13-7 10-7 91-4 
Phenyl- alanine 23.1 21:3 14-0 18-0 89-4 
Average 638 27-21 29:25 16900 6966-46 
Average figures. 5 


Normal hearts, 500 2876 3001 1587 1573 96-48 


Hearts with amino _ 6-00 27-66 29-93 15-90 15-72 95-28 


Hearts with amino 638 27:21 2925 1587 1690 94-46 


show a marked agreement in all cases. That the phosphorus distribution 
for the aglycemic heart is almost exactly that for the normal heart 
would indicate that, when no sugar is available for energy and when the 
heart has apparently reverted to fat oxidation, the creatine-phosphate 
system is not disturbed, and accordingly the coenzyme system associated 
with carbohydrate oxidations is not made use of. There is no alteration in 
the pyrophosphate or of the ammonia of the muscle; this would indicate 
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that adenyl-pyrophosphoric acid either is not taking part in the oxida- 
tions or, if it is, its resynthesis is very rapid. And further there is no 
decrease in the creatine phosphate nor an increase in orthophosphate, 
which would occur if creatine phosphate were utilized for energy in the 
absence of the usual mechanisms for its resynthesis. This constancy in the 


_ creatine phosphate indicates either that a source of energy other than 


that afforded by the breakdown of creatine phosphate is available or the 
energy necessary for its reconstitution is obtained from the combustion of 
fat, directly or indirectly. This constancy. will obtain if fat is burned 
directly and the generally accepted mechanisms of muscle contraction are 
not in use, and also if fat were to form sugar and so make possible the 
continuation of the related phenomena of muscle contraction, namely the 


activity of adenyl-pyrophosphate in the production of lactic acid and the 


restoration of creatine phosphate. 

Fat content of the heart. Since the question of the oxidation of fatty 
acids in the heart requires further consideration only a brief reference may 
be made here to the few estimations made on the fat of the heart. Table 
VIII shows an average for fat of 2-24 g./ 100 g. of muscle for normal 
hearts and 1-805 g./100 g. of muscle for the aglycemic hearts without 
insulin, and supplied with various amino acids. | 


VIII. Showing fat content in g./100 g. aad 
aglycwmic hearts in the presence of amino acids. 


Normal Experimental with hours of R. o. 
(bled dog) amino acid Amino acid added 307 
1-84 1-804 ei 
2˙03 1-970 1 
2-73 1-840 d. Lalani 2 
2˙33 1-820 d-phenyl-alanine 1 
1-720 d-leucine 1 
1-676 Valine 
Average 224 1805 


It is not within the scope of this work to attempt to relate oxygen 


consumption to fat utilization, but if the average time of duration of the 


R. O. at 0-7 be taken into account (Table VIII), and if it be assumed that 
at n. O. 085 half the oxygen is utilized for the burning of fat, then a 


rough relationship may be made out. 


he average weight of the hearts in these experiments was 56 g., the 
percentage difference in the fat content of normal and aglycemic hearts 
is 0-435 g., which is equivalent to a loss of 0-244 f. of fat per heart. The 


average heart uses 4 c.c. 0,/g./hour, i. e. 224 c.c./hour. The average time 


during which the R. C. is at 0-7 is 14 hours; the amount of Keen used to 
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burn 0244 g. of fat is accordingly 336 c. 0. Assuming that, during the 
hour in which the R. O. averages 0-85, 112 c.c. of oxygen are used for the 
burning of fat we have a total of 448 c.c. of oxygen. According to Lusk 
1g. of fat requires 2016 c.c, of oxygen for its consumption, therefore 
0-244 g. would require 491-9 c.c. This leaves 56 c.c. of oxygen unaccounted 
for. We would, however, lay no great stress on these figures as indicative 
of a definite relation between fat consumption and oxygen utilization. 
A much more detailed investigation of the fat changes in both heart 
muscle and blood is yet needed. 

That fat may be utilized to supply energy for skeletal muscle has been 
shown by Benedict and Cathcart [1913] and Krogh and Lindhard 
[1920]. Lovatt Evans [1914], in experiments where animals were fed on 
a diet consisting largely of butter, obtained low respiratory quotients for 
the isolated heart. Meyerhof and Boyland [1931] have shown that 
isolated frog’s sartorius poisoned with iodo-acetic acid and having 
therefore little or no lactic acid, has its respiratory quotient reduced from 
0-95 to 0-7, indicating a change from carbohydrate to fat as fuel. Cruick- 
shank and Startup [1934] failed to find any evidence for the trans- 
formation of fat to carbohydrate in the diabetic heart. This statement in 
conjunction with what has been said with regard to the phenomena of 
contraction in the aglycemic heart forces one to the conclusion that fat 
may be utilized independently of carbohydrate and that the direct 
combustion of fat may supply the energy for the resynthesis of creatine 
phosphate. | 

Acetone bodies in the blood. With amytal as an anesthetic the total 
acetone bodies of the blood has been found to be of the order of 9-0 mg. 
100 0. c. of blood at the commencement of the experiment. 

That there is no derangement of fat metabolism in the aglycamic 
heart is clear from the rapidity with which acetone disappears from the 
blood. One example, typical of several experiments, will indicate this; 
the blood immediately upon defibrination contained 9-4 mg., at the 
beginning of the experiment 9-25 mg., at the end of the first hour 
6-20 mg., and at the end of the second hour 3-72 mg./100 c.c. of blood. 

Gemmill [1934] has shown that on a low carbohydrate diet there is 


an increase in the resting value of acetone bodies in the blood of normal 


individuals who were, however, on a diet with a large proportion of fat, 
and he suggests that fat is used directly for the supply of energy during 
muscular work. On no occasion during a 3-hour perfusion experiment 


did we find other than a marked reduction of acetone bodies of the 
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Since the heart deprived of its circulating sugar fails to make use of 
circulating amino acids, shows a falling CO, output, an R. 0. 07, no 
change in phosphorus distribution, no indication of any increase in 
ammonia, and a decided ability to reduce the acetone bodies in the blood, 
one is justified in admitting the possibility of a direct oxidation of fat. 


SuMMARY. 


The question as to whether or not the heart in the absence of sugar 
in the circulating blood can utilize amino acids has been investigated, 
and it has been shown that neither naturally occurring nor non-naturally 
occurring amino acids are utilized. It has also been shown that insulin 
has no effect upon amino-acid utilization by the heart. 

Under strictly aglyceemic conditions the heart with an R. O. = 0-7 uses 
only fat; this is supported by the negative conclusion with regard to 
amino acids, the marked loss in the fat content of the heart, the respira- 
tory quotient of 0-7, the limited availability of cardiac glycogen without 
insulin, and the non-utilization of cardiac glycogen in the presence of 

The phosphorus fractions and the ammonia of the normal and agly- 
o mic heart have been estimated, and evidence has been presented which 
would indicate the ability of the heart to oxidize fat directly. 

In non-insulin aglycemia of 3 hours’ duration the glycogen of the 
heart is reduced some 30 p.c. 


We wish to thank D. L. MacIntosh, B.A., B.Sc., for assisting us with the mammalian 
experimental work. We are also indebted to Eli Lilly and Co., and the Connaught Labora- 
tories, Toronto, for kindly supplying us with amytal and insulin respectively. 
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INTENSITY DISCRIMINATION AND ITS RELATION 
TO THE ADAPTATION OF THE EYE. 


| By SELIG HECHT. 
(Laboratory of Biophysics, Columbia University, New York City.) 
(Received June 3, 1935.) 


I. IntRopvCTION. 


Unver the above title Wright [1935] has recently published measure- 
ments which describe the influence of pre-adapting the eye to high in- 
tensities on its capacity to discriminate differences between lower 
intensities. Wright states that he is unable to describe these measure- 
ments in terms of the visual receptor process, and therefore concludes that 
the basis for intensity discrimination cannot be in the receptor process 
but must be in some undefined, but more centrally located series of events. 

In particular, Wright singles out our ideas [Hecht, 1934a] about 
the nature of the receptor process in the retina, and states that in terms of 
his new data “the experimental support for” these ideas “has thus 
largely disappeared ”’. 

Examination of existing data on intensity discrimination and their 
relation to the photoreceptor process shows that (a) Wright has missed 
the meaning of his own measurements; actually they demonstrate 
almost the opposite of what he supposes; and (b) his measurements are 
easily described in terms of equations already derived for the receptor 
process in the retina. The two conclusions of Wright’s paper are there- 


fore not valid. 5 
II. INTENSITY DISCRIMINATION. 


The usual data of intensity discrimination record the intensity J of a 
test light, and the increment AJ which must be added to it in order that 
I+AlI may be recognized as just brighter than I. The available data, 
extending over 70 years, have recently been summarized and critically 
evaluated [Hecht, 1934b, 1935]; they show that A/ I decreases in a 
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regular manner as the intensity I increases. Fig. 1 gives the data of 
Blanchard [1918] and of Lowry [1931]; the measurements are in 
modern units, and have been corroborated in our laboratory by J. 
Steinhardt. These data are significant because they help us to under- 
stand the nature of the receptor process, and the meaning of Wright's 
measurements in relation to it. 


+ 

Jo-! 


0-0001 0-01 0-1 1 10 100 1,000 10,000 100,000 

Intensity (photons) 

Fig. I. The data of Blanchard (open circles) and of Lowry (solid circles) for the relation 
of AI/I to I. The values of I were originally in millilamberts, but since Lowry gives 
the diameter of his artificial pupil as 5 mm., it has been simple to convert millilamberts 
into photons by multiplying by 62-5, The two curves are theoretical, and represent 
equations (6) and (7). For further details see Hecht [1935]. 


III. THE PHOTORECEPTOR PROCESS. 


Stated in general terms, photoreception requires the presence of (a) 


an inactive photosensitive substance which absorbs light and is changed 
by it into one or more active substances which start the train of events 
ending in an impulse from the receptor cell; and (b) some means of 
maintaining a supply of the sensitive material, since otherwise it would 
be used up and the process would come to an end. What are the pro- 


1 Obviously the photoreceptor process itself is more complicated than this. Moreover, 
the process of vision as a whole involves not only the receptor processes in the rods and 
cones, but the nerve impulses generated by the stimulated elements and by neighbouring 
elements, as well as all sorts of cortical changes of which we know little or nothing. Since 
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perties of such a photochemical system under the conditions of i a | 
discrimination? 

Let the total initial concentration of sensitive material be a; let light 
of intensity I shine on it; let the concentration of photoproducts at the 
moment t be a; and let it be assumed that some of these products reunite 
under proper conditions to form again the sensitive material. The er 
of the process as a whole will then be 


(dz/dt); =k, I (1) 
where m and n represent the order of the photochemical and the dark, 
regenerating reaction respectively; and k, and k, are their velocity con- 
stants, k, including the absorption coefficient. On continuous illumina- 
tion a stationary state is reached in which the opposing reactions become 


equal; the concentrations of sensitive material and photoproducts 
become constant; and equation (1) becomes equal to zero. This gives 


„% (2) 
If the system is now exposed to intensity IAI, the initial ‘velocity 
will be „ (3) 


no changes in concentration having yet taken 25 Subtracting 
equation (1) from (3), we get 


1 that Al is recognized when (dz/dt),, is constant! and equal to . 
Equation (4) then gives AJ =c'/k, (u- . Dividing this value of AJ by 
the value of J from equation (2) and writing % e, we get 


Al/I =c/x" (5) 


these are all concerned with vision, they surely influence its characteristics to some extent. 
The question is to what extent; and the answer can be secured only by trial. 

Our own viewpoint has been that, no matter what determines the nature of vision, the 
ultimate place of origin of the impulses passing up the optic tracts is in the action of light on 
the eye. Therefore, for several years we have measured various properties of vision and 
photoreception to ascertain whether the data owe any of their quantitative properties to the 
characteristics of the very first reactions which must take place between light and the 
sensitive elements concerned with receiving the light. The advantage of dealing with this 
first process is that it is photochemical, and that the properties of photochemical systems 
have been much studied and clearly formulated. The present data of Wright are a signifi- 
cant case in point. 

1 This probably means that in a short time At, a constant increment of sensitive material 
Az, must be decomposed by the addition of AI; this small increment Az may show itself as 
in the frequeney of impulsca Ieeving the receptor cell to the aasocinged 

nerve fibre. 
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as a desoription of ATL /I in terms of the general photoreceptor 


m. 

Equation (5) is important for understanding Wright's measure- 
ments, because it defines the relation between AI /I and the concentra- 
tion 2 of photoproducts. Since o is constant, AI / I varies inversely with 
25. This means that when z varies AI /I will vary, and when is constant 
Al/T is constant. 

IV. WricHt’s EXPERIMENTS. 


(1) First series. 


Wright argued correctly that since AI / I depends on the concentra- 
tion x, then the value of A/ I should vary with the state of adaptation of 
the eye, which can be controlled by the adapting intensity. His first 
experiments were therefore concerned with varying the intensity of the 
adapting light and determining A/ for a constant measuring intensity I. 

His data are shown in Fig. 2. Consider experiments a and ö in which 
he used adaptation intensities between about 1000 and 40,000 photons 
and measured Al for an intensity J = 1080 photons for a, and for J 550 
photons for b. He found that AI is practically constant at about 70 
photons and 50 photons respectively, in spite of the large variation in 
adapting intensity. 

However, it is significant to note in Fig. 1 that Al / I becomes practic- 
ally constant, and therefore z becomes constant, at about 100 photons. 
Between 1000.and 40,000 photons, the state of adaptation of the eye as 
judged by AJ/I, and of the photoreceptor system as judged by , is 
constant. In other words, though Wright thought | he had changed pro- 


1 It is interesting to show that equation (5) describes the measurements of intensity 
discrimination. Since these are given as AI / I against I, it is necessary to replace æ by values 
of I derived from equation (2). When m=n=1, that is when both the light and the dark 
reactions are monomolecular, equation (5) becomes 


(6) 
where K =k,/k,, and c=c'/ak,. When m =n =2, that is when both reactions are bimolecular, 
equation (5) becomes (7) 


where c =c’/a*k,. Notice that equations (6) and (7) contain two constants c and , and that 
these have no influence on the shape of the function if the data are plotted as log AI/I 
against log J. 

It has been shown [Hecht, 1934 b, 1935] that equation (6) describes the intensity dis- 
crimination of Drosophila, and equation (7) the data for the bee and for the clam Mya. 
Moreover, all the critical data for the human eye are described with precision by equation 
(7) for the cones at high intensities and by (6) for the rods for low intensities, though the rod 
data are too few for a final choice between (6) and (7). The curves in Fig. 1 are these two 
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foundly the state of adaptation of the eye with these high intensities, the 
fact is that it had remained practically unaltered. This is confirmed by the 
fact that not only AZ/I, but visual acuity [Koenig, 1897], and the 
critical fusion frequency for intermittent stimulation (unpublished ex- 
periments) are practically constant in the range of these high illumina- 
tions. 


80 1 1 1 
40r ° 1 i 
20,500 30,500 600 
i 7 7 T 
8 25 
0 5,000 10,000 15,000 20,000 , 500 
1 1 1 
0-8 — — 
— 4 
0-4 1 
0 1,000 2,000 3,000 4,000 
Adaptation intensity (photons) | 
Fig. 2. Wright’s data, traced from Figs. 3, 4, 5, and 6 in his paper, are here labelled 
a, b, c, d respectively. 


Let I, be any one of these very high intensities and let z, be the con- 
centration of photoproducts at the stationary state when the eye is 
adapted to I.. The concentration of sensitive material is then a- . In 
Wright’s experiment, the eye was rapidly changed from this intensity 
I, to a field of which the intensity on one side is J and on the other the 
just noticeably brighter one J +AJ. The action of I and of J +AI on the 
system is then given by equations (1) and (3) in which a—z, is the con- 
centration of sensitive material and corresponds to the pre-adapting 
intensity I.. Following the steps already given and remembering that 
m=n=2 for the cones, we get 


where 0-0 / ki. (8) 
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Fig. 1 tells us that x, is practically constant between 1000 and 40,000 
photons; hence a—z, is constant, In terms of equation (8), AI should be 
practically constant; and this is what Wright found. The values of Al in 
Fig. 20 and ö rise only slightly as I. mounts to 40,000 photons, as they 
should since z, also increases only very slightly. 

Returning to Fig. 1, we see that as I goes below 1000 photons,.A//I 
begins to rise, at first slowly and then rapidly. In terms of equation (5) 
this means that x decreases in the same way, and that therefore a—z 
increases similarly. Therefore for adaptation intensities in this range, AJ 
should not be constant, but should increase with the adapting intensity. 
Fig. 2d describes just such an experiment made by Wright. J, varies 
between 100 and 4000 photons, while J is 6 photons. The data clearly show 
that over the range covered, AJ increases about 60 p.c. The measurements 


in Fig. 2c were made by Wright with adaptation intensities inter- 
mediate between the lower and higher just discussed, and also show an 


intermediate rise in Al. 


All of Wright’s first series of experiments thus yield results which 
are to be expected in terms of the idea that intensity discrimination is 


mainly determined by the state of adaptation of the photoreceptor 
system, and may indeed be considered as unexpected and unprejudiced 
proof of that idea. 

(2) Second series. 


Wright’s second series of measurements are the complement of those 
already discussed. In these he kept the adapting intensity I, constant 
and varied the measuring intensity J, and then determined the value of 
AI corresponding to it. In the one experiment given in his paper 
I,=10,000 photons while J varies between 50 and 550 photons. - 

What can we expect of the behaviour of AI / I under these conditions? 
Equation (5) tells us that AJ/J is inversely proportional to the concentra- 
tion of photoproducts at the stationary state. In the present case the 
adapting light I, keeps æ constant at x, ; therefore Al / I must be constant. 
This is precisely what Wright found; and here again his data do just 
what is to be expected of them. | 

Perhaps the simplest way of realizing what Wright’s experiments 
mean is to look again at the data in Fig. 1. Between 100 and 40,000 
photons the eye is in a practically constant state as shown by the con- 
stancy of AI/ I. It matters little how high the adapting intensity is, and 
whether the measuring intensity is 100 or 1000 photons, because the 
concentration ꝙ is nearly the same for this range, and therefore AL /I will 
be the same. If the measuring light is below these intensities, say at 50 
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photons, a slight rise in AL /I may be expected; but Wright's measure- 
ments are not critical enough to show this, since they vary between 0-086 


and 0-068, 


Wri gh t's experiments probably involve a certain amount of dark 
adaptation. When an eye which is adapted to bright light is suddenly 
confronted with a much dimmer light, or no light at all, it dark adapts at 


a a tremendous rate [Hecht, 1921]. In the first few seconds, dark adapta- 


tion is so fast that it is practically impossible to measure it. Blanchard’s 
observations [Blanchard, 1918] show that when the measuring light is 
between 1/100 and 1/500 of the adapting light it may still become visible 
almost instantaneously. Below that fraction, a perceptible amount of 
dark adaptation is required. Wright’s lowest measuring intensities are 
near this critical region, and may have involved some dark adaptation, 
which is effective even in 0-1 sec. 

Attention is called to dark adaptation not because it is necessary in 
the explanation of Wright's data, but because it offers rather interesting 
possibilities for critically testing some of the ideas associated with in- 
— discrimination, and we hope to follow them. 


V, Summary, 
Wright has found that (a) when the eye is pre-adapted to very high 


intensities, the instantaneous value of AI for a given value of I is very 


nearly constant when the adapting and measuring intensities are both 
high, but increases significantly when they are both lower; and (b) when 
the pre-adaptation intensity is high and constant and the measuring 
intensity I is variable, AI /I remains constant. 

It is shown here that the data secured by Wright are easily inter- 
preted by, and necessarily follow from, the equations and ideas previously 
used to describe intensity discrimination in terms of the photochemical 
changes in the retinal elements during vision. 

Wright’s measurements thus furnish fresh and unexpected corro- 
boration of these ideas and equations. 


REFERENCES. 


Blanchard, J. (1918). Phys. Rev. 11, 81. 

Hecht, S. (1921). J. gen. Physiol. 4, 113. 

Hecht, 8. (19344). In Murchison, C., A Handbook of General 3 Psychology, 
Chap. 14, p. 704. 

Hecht, S. (19346). Proc. Nat. Acad. Sci., Wash., 20, 644. 

Hecht, 8. (1935). J. gen. Physiol. 18, 767. 

Koenig, A. (1897). S. B. preuss. Akad. Wiss. p. 559. 

Lowry, E. M. (1931). J. opt. Soc. Amer. 21, 132. 

Wright, W. D. (1935). J. Physiol. 88, 466. 


. 
“coe * 
Brey 
— 
ot) 
J 
2 
* 
* 
— 
AQ 
ua 
A 
Fé 
= 
. 


612.313.82 


FURTHER OBSERVATIONS ON THE SECRETION BY 
THE SUBMAXILLARY GLAND OF THE CAT 
FOLLOWING SYMPATHETIC STIMULATION. 


By J. SECKER. 


(From the Physiological Department, University of Durham 
College of Medicine, Newcastle-upon-Tyne.) 


(Received July 20th, 1935.) 


In an earlier publication [Secker, 1934a] observations were recorded 
from which the conclusion was drawn that the sympathetic mechanism 
controlling secretion of saliva by the submaxillary gland in the cat was 
cholinergic. 

The principal points in the evidence may be summarized thus: 

(1) Saliva secreted in response to stimulation of the cervical sym- 
pathetic nerve or to injected adrenaline resembled the saliva secreted in 
response to chorda stimulation in containing a powerful depressor sub- 
stance [Secker, 19346]. This depressor substance is inactivated by 
boiling the saliva with dilute alkali or by previous administration of 
atropine. After atropine, the depression of the blood-pressure is replaced 
by a rise in pressure. 

(2) Eserine potentiates, and atropine annuls, the secretory response 
to either stimulus. | 

Feldberg and Guimaräis [1935] have confirmed the presence of 
the depressor substance in saliva, but show that in several respects it does 
not behave as acetylcholine when more critical tests are applied. They 
conclude that the depressor substance does not correspond in its pro- 
perties with any chemically identified depressant. Further investigations 
into the properties of the depressor substance in saliva lead me to the 
conclusion that while this substance has certain properties in common 
with acetylcholine it cannot be identified with that ester of choline. 

These workers also criticize the interpretation given for the observed 
effects of eserine and atropine and state that their observations give no 
support to my suggestion that the sympathetic supply of the salivary 
gland is in any sense cholinergic. They state that eserine, even in moderate 
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doses, often produces a spontaneous salivary secretion of the para- 
sympathetic” type and that when eserine has not this delayed effect by 
itself, it usually has no significant effect on the secretory response to 
sympathetic stimulation. 

The present communication records further observations in support of 
my suggestion. The method used in the experiments was that described 
in the earlier paper [Secker, 1934a], except that in certain of the experi- 
ments salivary secretion was measured as rate of flow along a l- mm. tube 
instead of by the method of drop recording. 

Stimulation of the cervical sympathetic nerve. I have recorded the fact 
that there is a wide variation in the sensitivity of the submaxillary gland 
in cats to faradization of the sympathetic nerve. In no experiment has 
the response approached in magnitude that following stimulation of the 
chorda and in several experiments electrical stimulation has failed to 
evoke any secretion. But administration of eserine salicylate 
(0-3 mg./kg.), has not in any of the present series of experiments 
resulted in aspontaneous secretion of saliva. In all experiments 
an interval of 15-20 min. was allowed before the nerve was stimulated. 
Further, the secretion in response to stimulation of the sympathetic 
ceased within 1 min. of the cessation of the stimulus. 

In Table I the results of a group of experiments are given as salivary 
flow in mm. along a l-mm. tube following faradization of the nerve for 
15 sec., commencing from a position of rest of at least 2 min. duration, 
recorded in 15 sec. intervals. 


Tan I. Salivary flow due to stimulation of the cervical sympathetic nerve. 


Cat No. | Before eserine After eserine 
44 0, „ 2, 1, 0 (7) 6, 7, 4, 1, 0 (18 
45 0, 1,0 1). 9, 4,2,0 (16 
47 43, 7, 1, 0 (51 
50 0, 0 (0) f 8, 0 (8) 
52 20, II, 6, 2 (39) 39, 18, 3, 1, 1 (62) 


Stimulation by adrenaline. In these experiments (Table II) the usual 
procedure of drop recording was carried out and the response in each case 
is to 0-15 mg. adrenaline injected into the femoral vein. 


Tant II. Salivary flow due to injected adrenaline. 


Cat No. 27 34 37 38 39 40 55 59 63 70 71 72 75 


The results recorded in Tables I and II show a definite potentiation 
by eserine of the secretory response to stimulation of the cervical 
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sympathetic nerve or to adrenaline. The potentiation gradually diminishes 
with repeated stimulation or repeated doses of adrenaline, the falling off 
being more rapid in response to nerve stimulation. The decline of the 
potentiation due to eserine is shown in the following experiment in which 
adrenaline was given repeatedly at intervals of 10 min. before and after 
eserine. The figures represent salivary flow recorded in drops: 

Before eserine: 18, 19. 

After eserine: 30, 31, 28, 26, 25, 24. | 

These records of new experiments confirm my previous findings and 
are not in agreement with the statements of Feldberg and Guimaräis, 
or of Cattell, Wolff and Clark [1934], that eserine has no significant 
effect on the secretory response to sympathetic stimulation. ) 

The effect of variations in blood-pressure. Eserine causes a fall in 
arterial blood-pressure and even after an interval of 15-20 min. the 
pressure commonly fails to return to its original level. It is suggested by 
Feldberg and Guimarais that this fall in blood-pressure may mask the 
secretory action of eserine, and then the small rise of pressure caused by 
sympatheticstimulation may unmask it again and so stimulate a potentia- 
tion of the secretory response to sympathetic impulses. Feldberg and 
Guimaräis state that “under such conditions a small rise of pressure 
caused by an injection of saline may start a secretion; and an apparent 
potentiation of the secretion following a powerfully pressor dose of 
- adrenaline cannot be accorded the significance which Secker attributes 
to it”. | 

That this is not the true explanation of the results obtained seems 
evident from the examination of records of long experiments in which 
the pressure is continually varying from different causes, yet no secretion 
occurs unless a definite stimulus is applied. Many of my records show 
the increased secretion on stimulation of the nerve without any appreci- 
able pressor accompaniment to the secretion, and the injection of normal 
saline solution, commonly accompanied by a slight pressor effect, does 
not provoke any secretion. 

Fig. 1, part of a record obtained after the injection of eserine, illus- 
trates these points. At each of the points 4 and B 2 C. b. saline were 
injected, the rise in pressure at A being due to the washing in of a small 
amount of adrenaline remaining in the cannula. At C, 0-5 C. c. saliva in 
3 c. o. saline and at D, 2 c. o. saline were injected. During the resulting low 
pressure the sympathetic nerve was stimulated in the interval E- F and 
secretion occurred. The secretion ceased while the pressure was still 
below the level shown at the beginning of the record. The sensitivity of 
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the sympathetic nerve in this particular experiment was so low that no 
secretion was obtained on electrical stimulation. 

In support of their suggestion that the results obtained may be due 
to unmasking of the secretory action of eserine, Feldberg and Guima- 
raéis note that the opposite gland may secrete on stimulation of one 
cervical sympathetic nerve in an eserinized animal. This observation 
cannot be accepted in support of their suggestion since it has been 
demonstrated by Babkin, Alley and Stavraky [1932] that stimula- 
tion of one chorda tympani nerve causes secretion by the contralateral 
gland. The probable explanation in both cases is that some chemical 
agent has been liberated and transported by the blood stream. 


Fig. 1. Salivary secretion after eserine in relation to changes in blood-pressure. For 
description see text. In this and subsequent tracings S =salivary flow in — Time 
record in 2 sec. intervals. 


The action of atr . In the previous paper it was shown that 
atropine abolishes the secretory response to sympathetic stimulation. 
There is an error in the statement of the dose of atropine used in those 
experiments [Secker, 1934a, p. 295], the dose given was 20 mg. to a 
3-kg. cat and not 20 mg./kg. as stated. 

Feldberg and Guimarais report that atropine in the small dose 
sufficient to abolish a strong secretory response to chorda stimulation 
causes at most a slight diminution of a much weaker sympathetic effect. 
This is true, but the sympathetic effect is nevertheless abolished by 
somewhat larger doses. In the present series of experiments the doses of 
atropine employed have been much smaller than in the previous series; 
usually a dose of 1 mg. has been repeated until the effect of sympathetic — 
stimulation has been annulled. The amount of atropine required per kg. 

has varied in different cats, but in every case the dose required has been 
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J. SECKER. 


Fig. 2. Salivary secretion. 1, stimulation of chorda, 2, stimulation of cervical : 
c sympathetic nerve. 3, injection of 0-15 mg. adrenaline. | 


Fig. 3. Salivary secretion after increasing doses of atropine. 
For description see text. 
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considerably in excess of that needed to abolish the effects of stimulation 


of the chorda. As the dose of atropine is increased there is a graded 
diminution of the secretory response to stimulation of the cervical 
sympathetic nerve or to injected adrenaline until complete paralysis has 
occurred. The result of one experiment of this type (cat. 81, 3 kg.) is given 
in Figs. 2 and 3. The secretory responses to (1) stimulation of the chorda; 
(2) stimulation of the cervical sympathetic nerve; (3) intravenous in- 
jection of 0-15 mg. adrenaline are shown in Fig. 2. The effect of increasing 
doses of atropine on these responses is shown in Fig. 3. Tracing (1) shows 
the effect of 1 mg. atropine sulphate on the result of stimulation of the 
chorda. Tracings (2, 3, 4 and 6) show the effect of sympathetic stimulation 
after 1, 2, 5 and 11 mg. of atropine respectively. Tracings 5 and 7 show 
the effect of 0-15 mg. adrenaline after 6 and 11 mg. of atropine. In this 
experiment it was necessary to give 15 mg. of atropine sulphate (5 mg./kg.) 
before complete annulment of the secretory response to adrenaline was 
obtained. | 
Relationship between secretory and pressor responses. As the secretion 
is gradually paralysed with increasing doses of 
atropine there is no corresponding diminution 
of the slight pressor effect following stimulation 
of the nerve or of the pressor effect of the adrenal- 
ine. It is interesting to note that in certain 
experiments, particularly when chloralose was 
used as the anesthetic, a pressor effect has re- 
sulted from stimulation of the nerve even when 
no secretion has occurred no matter what strength 
of electrical stimulus was used. This fact is inter- 
esting in view of the work of Cattell, Wolff 
and Clark [1934], these workers having recorded 
the contractions of the denervated nictitating 
membrane in cats during sympathetic stimula- 


tion of the contralateral submaxillary gland. Fig. 4. Frenzer Eee follow. 


timulation of cervical 
Fig. 4 shows the pressor effect of stimulation of — pathetic nerve. Note 


the sympathetic nerve unaccompanied by se- sence of salivary flow. 
cretion in a cat untreated with any drug other than the anesthetic — 
SUMMARY. 
1. Further observations of the potentiating effect of eserine on the 
secretory response by the salivary gland to sympathetic nerve stimulation 
and to injected adrenaline are recorded, confirming previous findings. 
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eZ The increased secretory response is shown to be independent of 
pressor changes, 
3. The annulment of the secretory response by atropine necessitates 
stimulation, 

I wish to express my thanks to Prof. Burns for his continued interest in the progress of 


this work. tis work wore 
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7 THE HEAT PRODUCTION OF CAT’S NERVE. 


By L. BUGNARD! (Toulouse). 
(From the Department of Physiology, University College, 
London.) 


(Received July 25, 1935.) 


Tun heat production of frog’s nerve has been studied by A. V. Hill and 
his collaborators since 1926, and its physiological nature as a response 
to excitation has recently been confirmed [Hill, 1934a]. The heat pro- 
duction of the nerves of Crustacea was studied by Hill [1929] and later 
by Beresina and Feng [1933]. 

. [Improvements in the technique have permitted the extension of heat 
measurements to the case of mammalian nerve at temperatures of 
30-34° C. | 

_ 


The thermostat described by Feng al Hill [1933], as modified _ eee 


Br [1934], was used. The air between the box containing the 
thermostat and the outer wall was maintained at a constant high tem- 
perature by automatic electrical regulation. During the intervals be- 
tween separate experiments the heating was maintained as it was 
necessary to continue the regulation for 2 days in order to obtain a really 
stable temperature in the interior of the thermostat. 

The thermopile was that described by Hill [1934a]. The junctions 
were of manganin-constantan ; two separate pairs of stimulating electrodes 
were employed, and heat-leak from the stimulating electrodes to the 
thermopile was tested and found to be negligible. The current from the 
thermopile was passed to a Zernicke Zc galvanometer and either read on 
a scale or registered photographically on a drum taking strips of paper 
13 cm, wide. The drum (or the scale) was 3 m. distant from the galvano- 
meter. The stimuli were condenser discharges controlled by a revolving 
commutator as described by Hill 51. shocks in 


direction were employed. 
1 Rockefeller Fellow. 
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The popliteal nerves of the cat were used. During the earlier experi- 
ments the decerebrated animal was kept under artificial respiration and 
the nerves were dissected with the circulation still intact. From each leg 
two separate portions of the popliteal nerve can be prepared, each long 
enough for use with the thermopile; two such nerves are sufficient to 
cover each face. It is easy to spread out a nerve so that its thickness is no 
greater than that of the frog’s sciatic. As in the usual experiments with 
frog's nerve, the central portion of each is placed above the thermopile so 
that the impulses are descending. 

In the later experiments it was realized that it is unnecessary to 
maintain the animal under artificial respiration during dissection. Nerves 
dissected immediately after the animal was killed behaved just as well as 
others. It has not been possible, however, to obtain good results with 
nerves so prepared and kept in Ringer’s solution at 0° C. The following 
procedure, therefore, was adopted. The nerves were dissected in 2-1 hour 
and were then placed in mammalian Ringer’s fluid, with oxygen bubbling, 
for 1 hour at a temperature of 34° C., then immediately mounted on the 
thermopile in fresh Ringer’s solution. The thermopile was then placed in 
the thermostat and a further interval of 2 hours allowed in order to 
obtain thermal equilibrium in the instrument. The Ringer’s fluid was 
then replaced by oxygen. In making heating control curves it was 
unnecessary to kill the nerves: a series of low-frequency condenser dis- 
charges along them was sufficient to give the necessary heat, with a 
physiological response too small to be measured. An attempt was made 
to use the cat’s phrenic, but bad results were obtained as it was difficult 
to dissect the nerve without pulling on it; it is, moreover, of small 
diameter, so making it impossible to cover the thermopile with nerves from 
a single animal. A single experiment was made with the popliteal nerve 
of the dog, which gave good results. 

The temperature varied from 30 to 34°C. from one experiment to 
another. The thermal response was good, showing no diminution of the 
maximum deflection and providing a good base line; it was possible to 
continue observations for 3 hours, that is to say until 5 hours after 
dissection. 


OPTIMUM STIMULUS. 


The optimum stimulus was determined by the procedure . 
by Hill 1934 al, using the thermal response of the nerve as index. For a 
series of potentials between 2 and 25 volts, the maximum deflection was 
determined for a stimulus of given duration, for a series of different 
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capacities. For each voltage à curve was constructed, deflections 
(representing heat production) against log (capacity). (The resistance of 
the discharge circuit was constant throughout the experiments, being 
chiefly determined by @ shunt of 400 ohms across the stimulating 
electrodes.) On these curves it is easy to read off the capacity corre- 
sponding to a givén voltage and given heat production. One can then 
construct a “strength-duration” curve, with ordinates log / and 
abscisse log RC. If the scales of ordinate and abscissa are the same, the 
tangent of slope - gives the value of RC corresponding to a stimulus of 


RC 


Fig. 1. Voltage · oa pacity (strength · duration) curve of popliteal nerve of cat at 33° C., heat 
production being used as index of excitation. For description see text. The optimum 
stimulus (point of minimum energy) occurs where the tangent to the curve has a slope 
of —}. At this point log RC =1-70. 


minimum energy (see Fig. I). Expressing R in ohms and C in micro- 
farads, in three experiments, made respectively at temperatures of 29-5, 
33 and 33°C., the optimum stimulus was found for a log RC in the 
neighbourhood of 1-7, corresponding to a time constant of 50 micro- 
seconds. This value is in the neighbourhood of that found by Hill 1934 a] 
by a similar method for frog’s nerve at a temperature of 25°C. The fre- 
quency of the two-way shocks used in the present experiments was about 
500 per sec. 7 

In one experiment the optimum stimulus was determined by the 
second method described by Hill [1934a]. Curves for heat production 
against log RC were constructed for different shocks corresponding to the 
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same energy value in the stimulus. The form of the curves was exactly 
similar to those given by Hill [1934a, p. 209]. The results, however, are 
less precise than by the preceding method. This is probably due to the 
greater time taken by this procedure, and to the deterioration of the 
nerve, which did not allow a reverse series to be made. The optimum 
stimulus, however, was still in the neighbourhood of log RC = 1-75. 

According to Rosenberg [1935, Fig. 2, p. 58] the point of minimum 
energy for the stimulus of a cat’s sciatic and ulnar at 21°C. is about 
170 microseconds; with a temperature coefficient of 2 per 10°C. this 
would give 85 microseconds at 31° C. for comparison with the present 
experiments. The 50 microseconds found for the latter agrees fairly well; 
_ Rosenberg’s experiments were for a single semi- maximal electric response, 
the present were for a thermal response to high-frequency stimulation. 
Exact agreement could not be expected. 


THE EFFECT OF FREQUENCY. 


Here also results have been obtained analogous to those with frog’s 
nerve. As the frequency increases the heat production in a short stimulus | 
increases also, then attains a maximum in the neighbourhood of 1000 two- 
way shocks per sec. The only difference is that for cat’s nerve the response 
is relatively better at the higher frequencies than for frog’s nerve. Thus, in 
one experiment at 29.5 C. a frequency of 3800 per sec. (two-ways) gave 
only a slight diminution in the response, as compared with the deflections 
obtained at frequencies of 1600 and 2200 per sec. The difference may 
be due to the fact that the experiments were made at a much higher 
temperature than those previously reported on frog’s nerve. 

At a low frequency of excitation it is possible to reach a steady state 
of heat production which can be maintained for a long time, followed by 
a good return to the original zero after the stimulus ends. 


ANALYSIS OF THE HEAT PRODUCTION. © 


5„Üͤ˙%˙ 
curves of heat production a certain number of analyses were made in 
units of 4 sec. and continued up to 112 or 120 sec. Control heating of 
4 sec. was employed. The curves for analysis and the controls were 
measured every 4 sec., and the means for at least four curves were taken. 

The curves of heat production are analogous to those obtained with 
other nerves already studied (see Fig. 2). There is an initial heat and. a 
recovery heat. For the durations of stimulus employed (16-24 sec.) the 
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initial heat is nearly the same if one determines it by the sudden rise at 
the beginning of excitation, or by the sudden fall at the end of excitation. 
The latter, as usual in frog’s nerve, is slightly less. 
In order to obtain more precisely in absolute units the value of the 7 
initial heat, a certain number of analyses have been made in 2 sec. units. 
The curves shown in sions 3 were obtained as follows: first an analysis was 


Rate of heat production 


0 30 : 60 90 120 
Time: seconds 
Fig. 2. Analysis in 4 sec. units of heat production of popliteal nerve of cat at 33°C. 
Stimulus 8 volts, 0-2 uF, 400 ohms shunt, frequency 480 per sec., 10,000 ohms in series 
with nerve. Stimulus 16 sec. duration. The arrow indicates the end of the stimulus. 


carried out in units of 4 sec.; through the results of this analysis a smooth 
curve was drawn for the production of heat; breaking this up into 2 sec. 
blocks and “‘synthesizing”, a result was obtained which was approxi- 
mately the same as that to be analysed; the differences were analysed in 
2 sec. time units. 

The results obtained for the initial heat vary considerably from one 
experiment to another. For example, in one experiment with nerves 
weighing 255 mg., at 33° C. and a frequency of 500 per sec. of two-way 
stimuli, the initial heat was 2 x 10-* cal. per g. per sec. In another experi- 
ment at 31°C., with a ert of 2090 per sec., the initial heat was 
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Rate of heat production 


Rate of hest production 


Rate of heat production 


1 
0 10 20 30 40 
Time: seconds 


Fig. 3. Analysis in 2- sec. units of heat production of popliteal nerve of cat at 31°C. 24 sec. 
stimulus, Otherwise as in Fig. 2. Curve A, frequency 2090 per sec. (two-ways); curve 
B, frequency 1031 per sec.; curve C, frequency 406 per sec. The circles mark the values 
given by the analyses, each at the centre of its interval. A smooth curve has been 
drawn through them. 
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11-7 x 10-* cal. per g. per sec.; for a frequency of 1031 per sec., 9-6 x 10-* 
cal. per g. per sec.; for a frequency of 406 per sec., 9-6 x 10-* cal. per g. 
per sec. In another experiment, the mean of results obtained at different 
frequencies (2218, 1084, 632, 267, and 109 per sec.) for the initial heat was 
3x 10-* cal. per g. per seo. In another experiment at the same frequencies, 
the initial heat was 4-5 x 10-* cal. per g. per sec. 

The mean of four experiments gave 4-9 x 10-* cal. per g. per sec.; this 
result is lower than that found by Hill [1932] for frog’s nerve at 20° C. 
The variations observed, however, in the present experiments show that 
too much importance must not be attached to the absolute values, which 
are certainly low. Doubtless a certain number of fibres are destroyed by 
dissection, and at the high temperature, and respond no more to excita- 
tion. The form of the heat production: is not altered 
ance, but the absolute value must be too low. It would Fe be fair 
to conclude that maximal stimulation of a cat’s medullated nerve in 
good condition gives an initial heat esis of about 10 microcalories 
per g. per sec. 


It might be suggested thet. the variations observed in the absolute value of the 
initial heat of a cat’s popliteal, and its difference from that of the frog's sciatic, are due 
to differences in the amount of inertia material. In the present experiments, however, 
the cat’s popliteal nerves were carefully dissected in order to remove the thick connective 


sheath and to allow the various branches of which the nerve is composed to spread out 


on the thermopile. Some of the branches used for the experiments were sectioned and 
compared with sections of the frog’s sciatic. Both were anatomically comparable, con- 


| _ sisting of about the same fraction of actual fibres. 


The recovery heat production has not been followed for more than the 
first 2 min. It is the same in character, up to that time, as in frog’s 
nerve. 


SuMMARY. 


1. The heat production has been measured in cat’s medullated nerve 
maintained in oxygen and stimulated electrically at temperatures of 
30-34˙% 

2. An optimum stimulus exists for the heat production of cat's nerve, 
which in the neighbourhood of 33° C. is such that RC = 50 microseconds, 
R being resistance in the stimulating circuit, and C the capacity of the 
condenser used for stimulation. 

3. The effect of frequency is analogous to that obtained with frog’s 
nerve. The effect of high frequency (a decreased response) occurs only at 
frequencies considerably higher than in the frog. This may be due to the 
higher temperature of the present experiments. 

3—2 
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4. The analysis of the records shows the existence of an initial heat 
and of a delayed heat. The maximum value of the initial heat during 
maximal stimulation is probably of the order of 10 microcalories per g. 

seo. 

5. The general results of these experiments is that cat’s medullated 
nerve behaves, in respect of its thermal response to electric stimulation, 
in the same manner as does frog’s medullated nerve. 


My sincere thanks are due to Prof. A. V. Hill who has provided the means and the 
encouragement necessary for this work. I am indebted to Mr J. L. Parkinson for much 
help and to Dr Stella who was kind enough to assist in the artificial respiration of the 
experimental animals. 7 
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THE EFFECT OF SALIVARY ACTIVITY ON THE 
COMPOSITION OF BOVINE BLOOD. 


By JANET H. BLACKWOOD ann d. M. WISHART. 
(From the Hannah Dairy Research Institute, Kirkhill, Ayr, and 
the Institute of Physiology, the University, Glasgow.) — 


(Received August 26, 1935.) 


In the course of studies of the composition of bovine blood with reference 
to milk secretion [Blackwood and Stirling, 19326], it was noted that 
the blood of the jugular vein differed markedly from that of either the 
radial artery or abdominal subcutaneous veins. It was therefore stated 
that jugular venous blood was unsuitable for investigations of milk 
secretion, and a tentative hypothesis was advanced to explain the 
phenomenon. 

Briefly stated it was as follows: the intervention of the salivary 
glands in the path of the blood sampled in the jugular vein might be 
sufficient to effect appreciable changes in blood composition. Evidence 
regarding the large volume of saliva secreted by the ruminant was 
advanced to show that this hypothesis was not unreasonable. — 

Many factors of extraneous origin such as constriction and stasis, 
cedema, etc., aré known to have an influence on blood composition, but 
the interrelations of blood constituents reported in the earlier work have 
since been corroborated by other workers, notably by Lintzel [1934], 
and it was accordingly believed that in relating the phenomena observed 
to the intervention of the salivary glands, due emphasis was being laid 
on the primary cause of variation. 

The most frequent and marked difference in composition of jugular 
blood lies in its phosphorus distribution, inorganic P being below and 
lipin P above that of the radial arterial blood. If salivation in the cow 
can bring about such changes in blood composition, it might be expected 
that stimulation of the salivary glands of any herbivorous animal should 
give a predictable result. Accordingly, an attempt was made to investi- 
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gate the problem using rabbits as experimental animals and pilocarpine 
as the stimulating agent. The use of pilocarpine is, of course, open to the 
objection that it is not a specific stimulant but possesses the power of 
activating practically all glands and, in addition, causes a marked increase 
of tonus in the intestine. Again, there is evidence that the nature of the 
saliva produced by a given stimulant, chemical, nervous, or otherwise, 
depends on the nature of the stimulus itself. Nevertheless, we feel that 
the results given in the present paper offer very strong circumstantial 
evidence in favour of Blackwood and Stirling’s suggestion. 

Rabbits, however, proved not to be suitable for an investigation 


which involved the taking of four samples of blood, each of 10 c. c. 


Hemorrhage produces a fall in lipin P [cf. Milbradt, 1930] and a rise 
in organic P [Kerr, 1926] which might be expected from the decreased 
corpuscular content, the corpuscles being rich in lipin P and poor in 
inorganic P relative to the plasma. Salivary stimulation might be 
expected to produce the reverse result, but it was at once apparent that 
in rabbits the effect of the hemorrhage was so great that any opposite 
effect of salivation was almost entirely masked. In general, however, it 
may be said that there was some tendency for salivation to check the 
changes in iron and P due to hemorrhage. 

It was decided, therefore, to pursue the study of pilocarpine on 
animals in which the withdrawal of blood for analysis would not deprive 
them of an appreciable fraction of the total blood volume. Cows were 
found to react very quickly to the intravenous injection of 200 mg. of 
pilocarpine nitrate. Following injection, the sequence of symptoms was 
usually as follows: lachrymation, salivation, urination, and defecation, 
the height of salivation being reached about 3 min. after the injection. 
Within 20 min. all external effects had disap 

From control and experimental animals bamnples of blood were taken 
in the following order: mammary, right jugular and left jugular veins. The 
first two samples were taken by needle puncture almost simultaneously, 
and the third sample after a suitable reaction interval, usually 3-4 min. 
The experimental animals were given an injection of pilocarpine in iso- 
tonic saline immediately after the collection of the first jugular sample, 
using the same needle in situ for the purpose. After the reaction interval, 
a sample was taken from the jugular vein of the other side. 

_. Determinations of iron content [Blackwood and Stirling, 19324]; 
total P; inorganic, total acid-soluble and lipin P (by a modification of 


Fiske and Subbarow’s method) were nd out ee on the 
oxalated blood. 
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Following this procedure, six cows were studied before and after 
injection of pilocarpine, while a further five animals who received no 
injections served as controls. The results are shown in detail in Table I, 


L. or 
Name of o N. L. 
Controls: 
Muncraig Nancy N. L. 
Jessamine N. L. 
Giddy L. 
Theresa N. L. 
Jessamine L. 
Experimental pilocarpine: 
Loudon Mains L. 
Daisy N. L. 
Cowslip N.L. 
Nancy L. 
L. or 
Name of cow N. L. 
Controls: 
Mun N. N. L. 
Giddy L. 
Theresa N. L. 
Jessamine L. 
Experimental pilocarpine: 
Loudon Mains 
hell 
L. 
N. “L. 
Cowslip N. L. 
Nancy L. 


Taste I. 
Total 
Iron, mg. / 100 ml. blood mg. / 100 ml. blood 
Mam- J Jugula Mam. J > 
mary 2 mary 2) 
— 40˙0 40˙7 — 16-4 16-2 
42-4 44-1 43-4 18-3 18-2 18-3 
42-4 41-7 43-4 17-0 17-4 17-7 
43-5 47-9 45-3 18-9 18-6 18-6 
36-0 37-6 37-6 18-4 18-1 18-4 
— 50-5 52-6 — 20-4 21-0 
43-7 43-5 48-6 26-8 25-6 28-4 
42-4 45-2 55-8 19-9 19-7 22-1 
42-4 44-3 52-6 16-8 18-2 19-3 
37.5 37.5 48-6 17-9 16-8 19-5 
30-0 30-6 40-2 16-0 15-8 17-8 
p Li 


Mam - 
mary 1) 2) 
— 4-02 3-95 
4-80 4-71 4-63 
5-31 8 475 4-81 
5-08 4-95 4-90 
5-16 4-82 4-82 
— 4-32 3-21 
5-52 4-41 4-25 
4-35 3-59 4˙05 
5-48 5-04 4-85 
4-35 4-10 3-35 
5-23 4-76 3-90 


— 6-43 
7:75 8-53 8-65 
8-44 8-15 8-15 
7-75 8-09 7-97 
7-60 7:65 7:75 
— 11-35 11˙25 
15:19 1669 17-62 
1140 11.75 
9-08 908 10-08 
9-00 9-09 1021 
8-00 7:75 8-21 


and the salient features depicted in Fig. 1. On average, an increase of 
20 p.c. in iron, of 10 p.c. in total P, of 6 p.c. in lipin P, of 19 p.c. in 
organic acid-soluble P, of 3 p.c. in total acid-soluble P, and a decrease 
of 9 p.c. in inorganic P is found between the jugular samples taken before 
and after injection of pilocarpine. These differences are overwhelmingly 
significant when compared with those found in the control animals. ) 
In the same figure are shown the differences (taken from Blackwood 
[1934]) which normally obtain between the arterial and jugular con- 
centrations of these components in cows not given pilocarpine. The 
differences are in the same direction, though of less magnitude, except in 
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the case of total P and total acid-soluble P. Neglecting for the moment 
this apparent discrepancy, one may conclude that pilocarpine stimulation 
produces changes in blood composition similar to, but greater than, the 
differences existing normally between arterial and jugular blood. 


relative to Ist jugular \ 


IIII 
iron ‘Total phosphorus Lipin phosphorus \ 
ol KY Pifocarpine—2nd jugular relative vo Ist jogular 


It is now of interest to see if the figures throw any light on the nature 
of the material lost from the blood in its passage through the head and 
neck. Taking the averages of the two cows, Cowslip and “Nancy”, 
which gave the most marked response to pilocarpine, Table II shows the 
actual results obtained, compared with the results expected on the 
assumption that no compensation from the tissues occurred and that the 
increase in iron concentration found is due to (a) loss of water alone from 
the blood, or (b) loss of the diffusible components of the plasma. In the 

latter case, allowance is made for the uneven distribution of inorganic 


Taste II. Jugular blood. Organic 
acid- 
Iron P 
34-07 4-43 8-42 16-32 2-65 
44-4 3-62 9-21 18-67 3-53 


4 +20 N N 

4 +15 

3 +10 8 
\ 

\ 

| Total acid-soluble 

4 0 Control—jugular relative to arterial 

-15 

Fig. 1. Cow. 
Theoretical result on 17 S45 | 
(a) 

q result on — 4-2 9-3 18-0 3-45 | 
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and lipin P between plasma and corpuscles on the basis of the figures 
given in Blackwood [1934]. The organic acid-soluble P has been 
assumed as an approximation to be entirely corpuscular. 

It is obvious that an excretion of water alone is out of the question, 
but a remarkably close approximation to the values actually found is 
obtained on the assumption that plasma as such, in so far, that is, as 
concerns its P components, is taken up by the glands. The most marked 
discrepancy is in the inorganic P which is some 16 p.c. less than the 
expected value. Whatever the validity of assumption (b) above, these 
figures seem to indicate a selective absorption by the glands of the 
inorgani¢ P component. This is of special interest in view of the fact that 


Blackwood [1934] found a similar loss of inorganic P from the blood 


traversing the mammary gland. 

Returning now to the apparent discrepancy of Fig. 1, in respect of 
total acid-soluble P and total P, this may be readily explained. As 
shown above, normal salivary secretion involves a concentration of the 
blood flowing through the gland by loss of fluid and, at the same time, by 
a considerable loss of inorganic P. This loss of inorganic P is sufficient to 
cause a diminution in the total acid-soluble P and the total P, in spite of 
the simultaneous concentration of organic acid-soluble P and lipin P by 
loss of the fluid. In the production of the more dilute pilocarpine saliva, 
however, the loss of water will be relatively greater. The concentration 
of the organic acid-soluble P will thus rise much higher and the inorganic 
P will fall less than in the normal secretion process, and this, in turn, will 
be reflected in a rise instead of a fall in the total acid-soluble P, of which 
they are the components. Finally, a rise in the total acid-soluble P and 
a rise in the lipin P is bound to be associated with a rise in total P. 

While one must not lose sight of the fact that the effect of pilocarpine 
is not a specific one, the above results seem to justify the suggestion 
originally made by Blackwood and Stirling [19325] that the activity 
of the salivary glands may be sufficient to cause appreciable changes in 
blood composition. 

Certain other points of interest are raised by the above experiments. 
The rise in concentration of the blood, as evidenced by the change in iron 
concentration, is remarkable both in its degree and in the rapidity with 
which it occurs. Similar results were obtained, however, on dogs, by 
Bornstein and Végel [1921], who found increases of hemoglobin 
concentration of the order of 10-40 p. c. These authors, moreover, 
elicited the important fact that the rise in hemoglobin concentration 
could not be attributed to splenic contraction induced by the pilocarpine, 
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since similar rises were obtained in splenectomized animals. The degree 
and rapidity of the response to pilocarpine raises the question as to how 
quickly compensatory adjustments from the tissues are brought about 
which tend to restore the blood to its normal composition. 

Again, while it has been assumed in the above discussion that the 


1 blood changes under pilocarpine are mainly attributable to 


salivary secretion, it must be borne in mind that the effect of the drug 
pilocarpine on other glands must contribute to the results: Some insight 
into the latter question might be gained from simultaneous observations 
of the blood changes in the jugular and in an abdominal vein. Even in 
the entire absence of effects on glands other than those of the head and 
neck, similar blood changes would, of course, be expected in the abdominal 
circulation from admixture. Nevertheless, if salivary activity is the 
predominant cause of the blood changes, one might reasonably anticipate 
that the changes in the abdominal venous blood, though of the same 
trend, would be less marked than those in the jugular. 


In the hope of throwing some light on these questions, the following 


experiment was performed. Simultaneous blood samples were taken by 
trochar and cannule from the mammary and from the jugular veins of 
the same cow immediately before, and 3, 7, 14, 21, 28, and 120 min. after, 
a single large dose (300 mg.) of pilocarpine. 

3 The results depicted in Figs. 2, 3, 4 and 5 show that the maximum 
changes in the jugular blood are found within 3 min. after injection of the 
drug, a time which corresponds to the external appearance of marked 
salivary flow. Thereafter ensues a fairly rapid restoration towards normal, 
though, even in 2 hours, in no case except that of i inorganic phosphorus 
are the original values reached. 

_ Comparing the simultaneously obtained mammary samples, one finds 
that the changes in phosphorus are less marked in the mammary than in 
the jugular blood, and the peak change is reached at a slightly later time. 
The alterations in iron concentration are, however, approximately 
identical in the two regions. So far as one can judge from these data, 
therefore, it would appear that the phosphorus changes are more spe- 
cifically related to salivary secretion, while the loss of water from the 
blood is attributable not only to salivary activity but to the general 
— of iit on n the 8 structures of the — as a — 
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Fig. 2. Inorganic phosphorus. 
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Fig. 4. Lipin phosphorus. 
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SuMMARY. 


The intravenous injection of pilocarpine is shown to be capable of 
inducing considerable change in the concentrations of iron and of the 
phosphorus components in the jugular venous blood, and especially a fall 
in the inorganic phosphate which seems to be selectively taken up by the 
salivary gland. 

These changes are contemporaneous with the increased flow of saliva 
and are, in general, of similar nature to the differences of concentration 
of these constituents which exist normally between arterial and jugular 
blood. The results thus support the view that such normal differences are 
largely attributable to salivary activity. 


Our thanks are due to Mr A. B. Fowler and to Mr S. J. Edwards who obtained the 
blood samples from cows and to Dr N. C. Wright for his continued interest in the work. 
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INSULIN AND THE THYROIDECTOMIZED RABBIT. 


By M. W. GOLDBLATT. | i 
(From the Sherrington School of Physiology, St Thomas’s Hospital, London.) 
| (Received August 9, 1935.) 
Tun blood-sugar response of a normal animal to insulin depends upon 


the balance of two factors: the increased oxidation of carbohydrate by 
the tissues and the liberation of glycogen from the liver. The nature of 


the stimulus to carbohydrate metabolism is very difficult to picture, and 
no good evidence exists as to the precise position of the point of attack. 


Whereas insulin appears to be the principal humoral agent in the control 


of the peripheral utilization of carbohydrate, several mechanisms exist 


for the mobilization of liver glycogen to overcome the fall in blood sugar 
due to insulin. Any temporary or permanent inadequacy of the me- 
chanisms for glycogen mobilization will result in a hypersensitivity to 
insulin, which does not imply increased speed of oxidation of glucose but 
that the sugar in the blood is not replenished as its level falls. 

The replenishment of the blood sugar in hypoglycemia appears to be 
mainly due to a stimulation of the sympathetic system by secretion of 
adrenaline, but it is not established that this is the only factor involved. 

The explanation of the hypersensitivity to insulin after adrenal- 

ectomy is obvious. The recent work of Cope and Marks [1934] offers 
an explanation of the hypersensitivity to insulin which follows hypophy- 
sectomy. These workers put forward the view that the anterior pituitary 
lobe possesses a substance which is responsible for the mobilization of 
liver glycogen, and that in its absence the usual hyperglycemic effect of 
adrenaline is impaired. They showed, by means of the denervated pupil 
and the surviving rabbit’s intestine, that the hypophysectomized animal 
secretes adrenaline in hypoglycemia. The hypersensitivity to insulin of 
the hypophysectomized animal is thus to be regarded as due to the 
resistant state of the liver glycogen. Whether this is due to changes in 
the effectiveness of the enzyme systems in the liver or to a lowered 
sensitivity of the sympathetic is not yet clear. 

Now the increased sensitivity to insulin of the thyroidectomized 
animal is of much smaller degree than that of the adrenalectomized or 
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hypophysectomized animal. Doses of insulin sufficient to bring about 
severe convulsions in the latter may only produce a mild hypoglycemia 
in the former. In the following experiments an attempt was made to 
elucidate the hypersensitivity of the thyroidectomized rabbit to insulin. 


EXPERIMENTAL, 

Thyroidectomy was performed when the animals were young. It 
was not necessary to ligate any of the thyroid vessels. Great care was 
taken to remove all the connective tissue in front of the trachea in the 
region of the thyroid isthmus, as hypertrophy of gland fragments in this 
region is very rapid after removal of the main lobes. Injury to the re- 


current laryngeal nerves invariably led to the death of the animals from 


respiratory complications. Meticulous asepsis is unnecessary. The diet 
was a mixture of bran and oats with a sufficiency of green stuff: it was 
allowed ad lib. 

Effect of thyroidectomy on the growth of young rabbits. The operation 
was performed on a litter of rabbits about 5 or 6 weeks after birth. As 
the experiments were to be carried out when the animals had grown to 
adult size the opportunity was taken to follow the growth curves of the 
thyroidectomized and normal litter mates. Table I gives the course of 


Taste I. | 
Days after operation 
0 10 21 3 60 71 81 101 
Controls— weight in g. 
1 950 1026 1328 1550 1660 1723 — 
2 700 700 850 1200 1350 1650 1950 2050 22350 
1 800 1050 1300 1400 1700 1750 1800 13880 
2 650 575 750 1100 1150 1525 1750 1850 2000 
3 700 875 1050 1250 1425 1700 1725 1750 2150 
4 350 375 825 875 1050 1250 1325 1400 1750 


the weight changes in such a litter. It shows that the disturbance in 
metabolism resulting from thyroidectomy in rabbits of the above age 
cannot be a very serious one. By no external symptom or sign could 
these animals be distinguished from the controls. In spite of this the 
increased sensitivity to insulin could easily be demonstrated. 

Effect of insulin on the blood sugar of thyroidectomized rabbits. In each 
case a comparison was made under the same conditions and at the same 
time between thyroidectomized and control rabbits from the same litter. 
Blood sugar was determined by the method of Hagedorn and Jensen. 


5 
4 
17 
2 
a 
2 
* 
3 
4 
ig 
* 
‘ 
5 
f 
. 
a 
* 
* 
* 
* 


48 M. W. GOLDBLATT. 


The figures in Table II show: (1) That the initial rate of fall of blood 
sugar in the thyroidectomized animal is no more rapid than in the 
normal. (2) That in both the normal and thyroidectomized animals, 
when not starved, this fall to hypoglycmmic levels is followed by a 


Tam II. 
Exp. I. Insulin, 1 unit /kg. subeut. Blood sugar, mg · / 100 0. o. c=convulsions. 
| Time after injection (hours) 
Thyroid Wt. g. 0 3 1 2 21 3 
(a) Not starved. 
Normal 13878 154 81 65 54 63 90 90 
Removed 1825 154 90 74 50 66 57 66 


(b) Starved 24 hours before injection. 
Normal 1800 141 70 54 50 68 — 
Removed 1700 125 75 57 480 47e — 


1 (e) Starved 24 hours before injection. 


Normal 1950 141 — 75 — 84 — 
Removed 1700 139 — 61 — 0 54 — 


secondary rise in blood sugar which is of smaller proportions in the latter, 
but in both is sufficient to obviate convulsions. In the presence, there- 
fore, of considerable reserves of glycogen in the liver, the thyroidecto- 
mized animal is able to compensate the fall in blood sugar. (3) That after 
24 hours’ starvation the rate of fall of blood sugar is still the same in 
both control and operated animals, but whereas the former show a 
marked secondary rise in blood sugar the latter fail to do so and develop 
violent intermittent convulsions. 

In seeking some hypothesis to explain this hypersensitivity it was 
decided first to see if it could be increased by ergotamine. This substance 
increases the sensitivity to insulin by inhibiting the hyperglycemic 
action of adrenaline. In Table III three experiments are recorded showing 
that normal and thyroidectomized rabbits treated with ergotamine reach 
the convulsive level of blood sugar in the same time. 

It appears, therefore, that with the paralysis of the motor sympathetic 
the normal animal becomes indistinguishable from the thyroidectomized 
as regards sensitivity to insulin. Further, ergotamine does not increase 
the sensitivity of the starved thyroidectomized rabbit to insulin. It 
seems probable, therefore, that in the thyroidectomized animal the 
adequate secretion of adrenaline or its action is in some way involved in 

the increased sensitivity to insulin. The next matters to be made clear 
were (1) does the thyroidectomized rabbit secrete adrenaline adequately 
in hypoglycemia, and (2) if so does it react normally to adrenaline? 
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Tam III. Effect of ergotamine on the hypersensitivity to insulin. 


Exp. 2. Comparisons were always made between litter mates, starved 24 hours before 


injection; insulin 1 unit/kg. subcut. Blood sugar, 
mg./100 o. 0. convulsions. 


Time after insulin (hours) 
Thyroid Wt. g. 0 4 1 11 2 24 aoe 
(a) Ergotamine alone. 
Normal 1650 129 136 132 138 149 155 


Removed 1375 134 146 141 139 141 139 125 


(6) Ergotamine followed after a few minutes by insulin. 
Normal 2100 143 129 88 54. 6lc 56c 
Removed 1700 148 99 92 70 65c 47¢ 


Normal 2050 143 — 65 — 660 — 
Removed 1700 136 — 79 — 72 — e 


Effect of hypoglycemia on the adrenalinemia of thyroidectomized 
rabbits. Direet evidence of the presence of adrenaline in the blood during 
hypoglycemia was looked for by drawing 
1 c. o. of blood from the right heart into a 
syringe containing a small volume (0-05c.c.) 
of a solution of heparin and tested directly 
ona preparation of surviving small intestine 
of a rabbit in 35c.c. of oxygenated Tyrode 
solution at 37° C. The heparin itself has no 
effect on the gut. The removal of 1 c. c. of 
blood from an adult rabbit can be repeated 
six or seven times at hourly intervals with- 
out any harmful effect on the animal or 
significant change of effect of the blood on 
the surviving intestinal strip. It is well . 1. Rabbit's small intestine. 
known that rabbit’s blood frequently con- of 
tains a substance with stimulant action on (heps ). A, normal adult 
intestinal muscle, but the amount of this "zits |B, ‘hyroldectomized 
action varies greatly in different rabbits and | 
even in the same rabbit at different times. It is most marked in our 
experience if the blood is taken from a peripheral vessel: when the blood 
is taken direct from the heart we do not find the effect at all marked and 
frequently it is entirely absent. | 

In Fig. 1 are given tracings (very slow kymograph) of the effect of two 
specimens of blood taken from the ear vein of a normal and of a thyroid- 
ectomized animal. It is clear that in the presence of so powerful a 
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tonic action any moderate increases in adrenaline content of the blood 
would be masked. (See, however, tracings in paper by Cope and Marks 
11934.) | 

Having regard to these observations heart blood was always used and 
striking results could readily be obtained. 


Before 58 min. 


103 min. 105 min. 
Symptoms. Convulsions. 
Fig. 2. Normal rabbit starved 24 hours. 
Figs. 2, 3, 4. Rabbit’s small intestine. 35 c.c. O, Tyrode. Medium speed. Effect of 1 o. c. 
heart blood (heparinized) at various times (given below tracings) after injection of 
1 unit insulin per kg. subcutaneously. Same strip of intestine throughout. 


In Figs. 2, 3 and 4 are shown the results of an experiment carried out 
as follows. A normal and thyroidectomized animal, from the same litter 
and grown to adult size, were starved for 24 hours. In order to make 
the onset of convulsions certain in both animals they were injected 
with 2 mg. ergotamine tartrate 15 min. after having received 1 unit 
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62 min. 


122 min. 172 min. 
Symptoms. Convulsions. 


Fig. 3. Thyroidectomized litter mate starved 24 hours. 


0-0001 mg. 0-001 mg. 
Fig. 4. Adrenaline for comparison. 
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insulin per kg. subcutaneously, Blood was drawn from the right heart 
and added to an intestine preparation within 10 sec. The animals were 
quiescent and the heart puncture could be made without any excitement 
or disturbance of the animals and without any manipulation other than 
deflection of the thorax somewhat to the side into which the needle is 
entered. | 

The points to which we draw attention in these tracings are the 
following: 

(1) The heart blood (1 c. c.) exerted no tonic action on the muscle. 

(2) Definite relaxation was produced by the blood of both animals 
at a little over 100 min. after the injection of insulin. This effect became 
very marked during hypoglycemic convulsions which appeared in both 
animals at almost the same time. 

(3) Comparison with Fig. 4 shows that the secretion of adrenaline 
was very considerable in both animals. 

It may, therefore, be considered as certain that the thyroidectomized 
animal secretes adrenaline in hypoglycemia in quantities adequate to 
produce readjustment of the blood sugar, provided it can react to adrenal- 
ine normally, 

Effect of adrenaline on blood sugar of thyroidectomized. rabbits. Cope 
and Marks [1934] give blood-sugar curves in normal and thyroidecto- 
mized animals after injection of 0-2 mg. adrenaline, which indicate that 
in the latter the rise in blood sugar is less and that the return to initial 
levels is rather more rapid. They do not state how long the animals were 
thyroidectomized, In Exp. 3 (Table IV) the animals were all from the 
same litter and the operation had been carried out 100 days previously. 


Tann IV. 


Exp. 3. Average increases of blood sugar, mg./100 0. o., following the intravenous 
injection of 0-05 mg. adrenaline. 24 hours’ starvation, 


Time after injection (hours) 


0 } 1 11 2 8 
Controls (2) 8 4 


Thyroidectomized (3) 0 43 50 82 54 46 


The difference in these responses to adrenaline can be summed up 2s 
follows: 

(1) The G reach a maximum much earlier than do the thyroid- 
ectomized animals, and this maximum is of considerably greater pro- 
portions than in the latter. 
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(2) The controls re-establish a normal level of blood sugar in about 
2 hours, whilst the thyroidectomized animals have a greatly raised blood 
sugar 3 hours or more after the adrenaline injection. 

Now although these results are out of harmony with those of Cope 
and Marks [1934] as represented in the curves given on p. 167 of their 
paper, the actual figures given on p. 168 indicate that the normal animal 
reaches a blood-sugar maximum sooner and returns to normal levels 
sooner than the thyroidectomized animal. If, as we believe, this is the 
true response of the thyroidectomized animal to adrenaline it can be 
explained on the hypothesis that both the glycogenolytic response to 
adrenaline (sympathetic response) and the insulin secretory — 
are more sluggish than normal. : 
There is considerable evidence in favour of this. Clinically the 
myxcœdema patient gives an abnormally high and prolonged blood-sugar 
curve after a test dose of glucose. 

Conversely, abnormalities of carbohydrate metabolism have fre- 
quently been described in cases of hyperthyroidism as a manifestation of 
the general hyperactivity or hyperexcitability of the sympathetic. Pro- 
longed administration of thyroid to animals, it is well known, leads to an 
inability to retain glycogen in the liver and also to an excessive sensitivity 
of the insulin secretory mechanism with low blood-sugar curve. Further, 
animals fed for several days with large amounts of thyroid, as shown by 
Burn and Marks [1925], become almost insensitive to doses of insulin 
which previously produced convulsions, an observation which means 
that either the sympathetic has become hypersensitive or that the 
adrenal glands are in a state of much readier response to slight changes in 
blood sugar. From these facts it would follow that the chronic absence 
of thyroid secretion would tend to depress both the sympathetic glyco- 
genolytic response and the response of the mechanism of insulin secretion 
to raised blood-sugar values. 

The hypersensitivity to insulin of the thyroidectomized animal is thus to 
be explained not on any failure to secrete adrenaline in response to a low 
blood sugar nor to any immobilization of liver glycogen but toa time factor 
in the glycogenolytic response to sympathetic stimulation. This is also 
borne out by the fact that ergotamine renders the normal and thyroidecto- 
mized animal equally hypersensitive to insulin. That this sluggishness is not 
to be supposed to apply indiscriminately to all sympathetic phenomena in 
the thyroidectomized animal is shown by the following experiment. 

Effect of adrenaline on the blood-pressure of the normal and thyroid- 
ectomized rabbit. A normal and a R rabbit (105 days after 
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the operation) were taken from the same litter and blood-pressure 
records obtained from the left carotid artery. After the various cannule 
were inserted the anzsthetic (ether) was discontinued. When the excess 
ether had been expired the animal was quiescent and gave a slight 


Fig. 5. Rabbit. Ether. Vagi cut. Carotid blood-pressure following adrenaline intra- 
venously. Doses in mg. given on tracing. Ether off throughout period of injection. 
A, normal rabbit; B, thyroidectomized litter mate—110 days after the operation. 


Tam V. Effect of adrenaline on the blood-pressure of the 
normal and thyroidectomized rabbit (vagi cut). 


Rise in blood-pressure mm. Hg. 

D Control normal Thyroidecto- 

mg. per kg. 2-3 kg. mized 1-9 kg. 
0-010 66 74 
0-005 50 58 
0-0025 44 57 
0-0012 28 42 
0-0006 15 20 
0-0003 6 16 
0-00015 0 0 


corneal reflex. Fig. 5 shows the results of a series of intravenous in- 
jections of adrenaline after the vagi were both cut. In Table V are 
recorded the actual increases in blood-pressure. 


So far from finding any diminution of response in the thyroidecto- 


mized animal the actual rise in blood-pressure was consistently greater 


in this animal until the ineffective dose was reached at about 0-15 y/kg. 
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It is not suggested that thyroidectomy in all species does not lead 
to a general depression of the sympathetic for this is manifestly not so. 
But in the rabbit, which shows so little sign of disturbance after thyroid- 
ectomy, there seems to be an unequal degree of disturbance of different 
sympathetic mechanisms, that responsible for glycogenolysis being 
sluggish in response when the vaso-constrictor system appears to be 
as sensitive and to react as normally. 

Another process which seems to be sluggish in the thyroidectomized 
rabbit is that responsible for the liberation of lactate from muscle 
glycogen. 

Effect of adrenaline on blood lactate in thyroidectomized rabbits. The 
injection of adrenaline is normally followed by an increase in blood 
lactate. This increase occurs even when for any reason there is no rise in 
blood sugar after the injection [Goldblatt and Elkington, 1933]. The 
rise in blood lactate is much slower than that of blood sugar, but in 
general a marked rise is found in a 11. over an hour after the injection 
of the adrenaline (Table VI). 

Taste VI. 


Exp. 4. Starved 24 hours. 
Blood lactate by the method of Friedeman, Cotonio and Shaffer carried out on heart 
blood. Adrenaline 0-05 mg./kg. Changes from initial blood lactate, mg./100 0. o. 


Time after injection (hours) 
| 0 1 2 3 
Control er 0 - 9 +24 +40 
Thyroidectomized 0 +14 - & +44 


The rise of 14 mg. after 1 hour in the thyroidectomized animals 
cannot be regarded as a true adrenaline effect, for variations of almost 
this magnitude are frequently met with in rabbits under normal con- 
ditions. This is borne out by the value after 2 hours. The absolute rises 
in blood lactate are the same in both groups after 3 hours, but it appears 
that the initiation of the effect takes a considerable time longer in the 
thyroidectomized animals. 

It appears, therefore, that the processes of glycogenolysis, both in the 
liver and the muscles, are less readily brought about in the thyroid- 
ectomized rabbit than in the normal. 

Insulin and the thyroidectomized young rabbit. The peculiar effect of 
insulin on the starving young rabbit in bringing about a very great 
increase in liver glycogen has engaged the attention of several workers. 
Cope and Corkill [1934] give strong evidence in support of the view 


that this effect “requires the cooperation of adrenaline from the supra- 
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renal medulla” and Corkill, Marks and White [1933] show that the 
effect is not obtainable in hypophysectomized young rabbits. The results 
of the latter workers are the more surprising in that Cope and Marks 
[1934] showed that hypophysectomy tended to immobilize liver glycogen, 
but that adrenaline was secreted as usual during hypoglycemia, If in the 
hypophysectomized animal adrenaline can liberate lactate from muscle 
glycogen and the liver can resynthesize glycogen from lactate, it will be 
difficult to interpret the insulin effect on the adrenaline hypothesis. 
One great difficulty, it seems to the present writer, is that it fails to 
explain why the increase in liver glycogen is not detected in other norma! 
animals. Cori [1925] found that insulin produces no definite change in 
blood lactate of rabbits, but other workers and the writer have found 
that at low blood-sugar values in adult rabbits there is a definite and 
often considerable rise in blood lactate before convulsions occur. Cori 
[1931] confirmed the deposition of liver glycogen in young starving 
rabbits under insulin, and inclined to the view that it was due to the 
secondary secretion of adrenaline as suggested by the above workers. 
There is no doubt that adrenaline can produce a redistribution of 
glycogen in the young starving rabbit qualitatively similar to that pro- 
duced by insulin [Gold blatt, 1933], but whereas this effect of adrenaline 
is also demonstrable in other animals and also in adult rabbits, the effect 
of insulin is not. # 
In view of the delay of adrenaline effects in the thyroidectomized 
animal, it seemed of interest to see if insulin produces the paradoxical 
effect on liver glycogen in the thyroidectomized young rabbit. Young 
rabbits from the same litters were taken and the thyroid glands removed. 
After some days they were treated as detailed in Table VII. The methods 


VII. 
| Exp. 5. 
of Blood Glycogen 
thyroid. — Dose of insulin 
Wt. ectomy Lactate! and time of 
No. g. days mg. / 100 c. 0. mg. / 100 c.. Liver Muscle action 
Litter 1. 
1 8650 0 115 60 0-22 0-32 — 
77 97 44 0-32 — — 
3 675 13 106 48 0-42 0-33 
4 750 15 45 60 0-38 0:24 2 units hr 
5 700 15 52 94 0-81 0-26 lunit 2 
Litter 2. 
1 600 14 4-12 — 
2 800 14 1-52 0-5 unit 3 hr 
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of analysis were those given in previous papers [Gold blatt, 1929, 1933]. 
The animals were killed by bleeding from a clean cut across the carotid. 
The animals were starved for 24 hours. 

Reference to the work already quoted will show that the figures given 


by litter 1 represent practically an abolition of the usual effect of insulin 


in young rabbits. Litter 2 happened to belong to the type of animal 
which possesses a high liver glycogen after 24 hours’ starvation, and 
hence the injection of insulin was followed by the usual depletion of the 
glycogen [Gold blatt, 1929; Rathery and Kourilsky, 1930}. 

It appears, therefore, that the thyroid gland is necessary for the glyco- 


gen accumulation in the liver of the starving young rabbit under insulin. 


Having regard to the fact that the secondary secretion of adrenaline 
in the adult thyroidectomized rabbit is adequate bu: the responses of 
both hepatic and muscle glycogenolysis are sluggish, it might be supposed 
that the lactic acid cycle is set into motion too late to make any great 
contribution to liver glycogen in the case of the young thyroidectomized 
rabbit. It is almost certain that the effect of insulin under discussion 
is not an uncomplicated one, and it seems that several parts of the 
endocrine system are involved in it. 

We have seen above that the secondary secretion of adrenaline can be 
readily demonstrated in the adult rabbit. Attempts were therefore made 
to show an increased adrenalinemia in young rabbits as a result of 


insulin using the same technique. It is surprising how often samples of 
1 c.c. of heart blood can be removed from the young rabbit without 


producing any apparent disturbance in the animal. During a period of 
2 hours we have withdrawn seven specimens of heart“ blood (1 c. o. each) 
from a rabbit weighing 600 g. without any ill-effects. When tested, as 
described above, on the surviving intestinal strip these successive 
specimens of blood do not produce any increase in inhibition of rhythm 
of the muscle, showing that the blood-pressure is very rapidly adjusted 
or, at any rate, does not fall to a level sufficiently low to call forth an 
increased secretion of adrenaline. In Fig. 6 are shown the results of 
addition to a preparation of intestinal muscle of 1 c.c. heart blood taken 


from a normal and a thyroidectomized young rabbit at intervals after 


the injection of 2 units insulin per kg. and until violent convulsions were 
established. The strip used in this experiment showed marked relaxation 


when treated with 0-5y adrenaline. It will be seen that no trace of 


relaxation or inhibition of rhythm was produced by the blood even 
during convulsions. Repetition of this experiment with two similar 
animals treated with ergotamine and insulin gave exactly similar results. 
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We do not wish to draw. any comprehensive conclusion from a 
negative finding, nor to infer that there is no secondary secretion of 
adrenaline in these animals, but we consider it justifiable to state that 
the normal young rabbit does not during hypoglycemia secrete relatively 
as much adrenaline as the adult, and also that it does not secrete more 
adrenaline in these circumstances than does the thyroidectomized young 
rabbit. In spite of this latter fact the thyroidectomized young rabbit 
fails to give the typical liver glycogen response to insulin. 


Before 155 min. 
Convulsions. 
110 min. 
B Convulsions 


Fig. 6. Rabbit's small intestine. 35 0. 0. O, Tyrode. Medium speed. Effect of 1 o. o. heart 
blood (heparinized) at various times after injection of 1 unit insulin per kg. subcutane-— 
ously, A, normal control, 750 g.; B, thyroidectomized litter mate, 550 g., 23 days after 
operation. Intestinal strip readily relaxed by 0-5y adrenaline. 


Whether the administration of thyroxine over a considerable period 
would re-establish the usual insulin effect in these animals remains to be 
seen; probably it would, but it seems clear that if it did so it would not 
be due to any modification of adrenal response. 

That a part of the effect of insulin is due to the secondary secretion 
of adrenaline cannot be doubted in view of the known effects of this 
hormone and of the results of Corkill, but the findings of Cope and 
Marks and the data given above strongly suggest that the whole system 
thyroid-adrenal-pituitary-insulin is necessary. The nervous system does 
not appear to be involved in the effect, for as we have previously shown 
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[Goldblatt, 1933] ergotamine in large doses does not inhibit it, and 
in more recent experiments we have found that atropine in large doses 
also has no apparent influence. No comprehensive explanation of the 
phenomenon is yet possible, nor is likely to be until much more detailed 
knowledge is available on the mechanism of glyconeogenesis in the liver. 


1. The hypersensitivity of the thyroidectomized rabbit to insulin is 
due to the failure to initiate adequate glycogenolysis at hypoglycemic 
blood-sugar levels. Whilst this is the case in rabbits which have not been 
starved and those which have, in the former sufficient glucose is liberated 
into the circulation to prevent convulsions. 

2. Ergotamine, whilst increasing the sensitivity of the normal rabbit 
to insulin, does not increase the already existing hypersensitivity of the 
thyroidectomized rabbit. 

3. In both normal and thyroidectomized adult rabbits an increase in 
circulating adrenaline can readily be demonstrated during hypoglycemia. 

4. The blood-sugar response to adrenaline is both slower in onset and 
smaller in degree in the thyroidectomized rabbit than in the normal. 
The increase in blood lactate following the injection of adrenaline is 
slower in onset in the thyroidectomized rabbit than in the normal but 
finally not less in degree. 

From these results it is concluded that the hypersensitivity of thyroid- 
ectomized rabbits to insulin is due to the sluggishness of response of the 
sympathetic mechanism responsible for glycogenolysis in the liver. It 


is shown that this sluggishness does not affect the vaso-constrictor 


response to adrenaline, which may be as good or better in thyroidecto- 
mized than in normal rabbits. 

5. Insulin does not produce the inal deposition of glycogen in the 
liver of starving thyroidectomized young rabbits that is constantly 
observed in normal young rabbits. 

6. Attempts to demonstrate an increased adrenalinemia in young 
hypoglycemic rabbits (normal and thyroidectomized) by methods which 
are successful in adult rabbits were without positive result. 


rag 
we 
iy 
7 e 
. 
* 
* 8 a E 
4 
5 
* 
— 
1 
ak 
* 
7 
5 
otf 
4 
3 


M. . GOLDBLATT. 


~ 


Burn, J. H. and Marks, H. P. (1926). J. Physiol. 60, 131. 1 
Cope, O. and Corkill, A. B. (1934). Ibid, 82, 407. ? 
Cope, O. and Marks, H. P. (1934). Ibid. 83, 157. 

Corkill, A. B., Marks, H. P. and White, W. E. (1933). Ibid. 80, 193. 
Cori, C. F. (1925). J. biol. Chem. 68, 253. 

Cori, C. F. (1931). Physiol, Rev. 11, 143. 

Goldblatt, M. W. (1929). Biochem. J. 23, 83. 

Goldblatt, M. W. (1933). J. Physiol. 79, 286. 

Goldblatt, M. W. and Elkington, J. St C. (1983). Lancet, Sept. 23, p. 693. 
Rathery, F. and Kourilsky, R. (1930). Ann, Physiol. oe a 


* 
7 
60 
— 
% 
¥ 
ig 
— 
3 
* 
% 
j= 
- 
> 
* 
5 
Tig 
E. 
1 
| 


61 
612.817 


THE SHERRINGTON PHENOMENON. 


By EDITH BULBRING ann J. H. BURN. 


the College of the 
Pharmaceutwal Society, London.) 


(Recewed August 9, 1935.) 


THE observation of contractures in denervated muscle after nerve 
stimulation was first made in 1863 by Philippeaux and Vulpian; they 
found that when the hypoglossal nerve was divided and allowed to 
degenerate, stimulation of the lingual nerve, which normally has no 
motor effect, caused contraction of the tongue. In 1894 Sherrington 
observed a similar phenomenon in the muscles of the leg of the cat; he 
divided the 6th, 7th, 8th and 9th post-thoracic ventral and dorsal roots 
central to the ganglia; thereupon the motor fibres to the muscles of the 
hindleg degenerated, but the sensory fibres, being still connected with 
their ganglia, remained. After an interval of 2-6 weeks, the application 
of very strong stimuli to the sciatic nerve caused contracture of the 
muscles, of the hindleg. Since Sherrington was unable to obtain this 
contracture after cutting the roots distal to the ganglia, so that sensory 
as well as motor fibres degenerated, he concluded that the fibres producing 
the contracture were sensory. 

Much work has since been done on this phenomenon, of which a full 
discussion is given in the review by Gasser [1930]. It was discovered 
that the denervated muscle becomes sensitive to various chemical 
substances which produce no contracture when the normal motor in- 
nervation is present, the most powerful of these being acetylcholine. 
Dale and Gasser [1926] showed that the common property of these 
substances was a nicotine-like action. The suggestion was made by 
Hinsey and Gasser [1928] and Dale and Dudley [1929] that the 
effect of the stimulation of the sensory nerves might be due to the 
liberation of a chemical substance at the vaso-dilator terminations, which 
would cause a contracture in the muscle sensitized by degeneration of the 
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motor fibres. Dale and Dudley indicated acetylcholine as the most 
likely substance. The experiments of Hinsey and Gasser [1930] gave 
strong support to the view that the contracture depended on the vaso- 
- dilator fibres in the posterior roots. They found that the appearance of 
- dilatation in the cat’s leg when the roots were stimulated coincided with 
the appearance of a particular wave in the record of the action potential. 
They repeated the experiment on the Sherrington phenomenon and 
found that here too the appearance of contracture was exactly coincident 
with that of the same wave in the action potential. Dale and Gaddum 
[1930] obtained further evidence in favour of acetylcholine as the humora] 
transmitter and concluded that the vaso-dilator effects of. ..sensory 
fibres stimulated | antidromically and the contractures of denervated 
muscles accompanying these actions are due to the peripheral liberation 
of acetylcholine”. 

There remained, 3 some doubt 8 antidromic impulses 
passing down sensory fibres were responsible for the phenomenon. After 
section of the roots central to the ganglia, there are in the sciatic not only 
sensory but also sympathetic fibres in a normal condition. It is true that 
Sherrington [1894] failed to observe the phenomenon after excision of 
the posterior root ganglia, and it is also true that van Rijnberk [1918] 
said that he was still able to observe it after removal of the sympathetic 
chain. Nevertheless, Hinsey and Cutting [1933] found that direct 
stimulation of the posterior roots failed to cause a contracture; they 
found also that they were able to obtain the contracture by stimulation 
of the sciatic after degeneration of sensory as well as of motor fibres. It 
remained for them to obtain the phenomenon by stimulation of the 
sympathetic chain; this, however, they were unable to do, though in one 
cat they observed it on stimulation of the grey rami. 

We have recently published evidence [1935] that the sympathetic 
supply of the blood vessels in the muscles of the dog contains many 
cholinergic vaso-dilator fibres; in the cat we could not be certain that such 
fibres were present, though in occasional experiments we obtained results 
which suggested that they might be. Now, Hinsey and Cutting, like 
most previous workers, used the cat, and it seemed to us that the dog 
would be more likely to give a clear result if the Sherrington contrac- 
ture was actually due to the liberation of acetylcholine from vaso-dilator 
fibres in the sympathetic. We have, therefore, investigated the pheno- 
menon first in the dog and also in the cat. 
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Mernops. 
(a) Operative procedure. 

Dogs have been prepared by section of the 5th, 6th and 7th lumbar 
and Ist and 2nd sacral roots on the left side. In the first dog simple 
section of the roots central to the ganglia was performed; in the re- 
maining dogs the posterior root ganglia were also excised. In cats the 
same roots were cut, but the ganglia were not removed; the removal of 
the ganglia causes much more bleeding than in the dog, and since we 
found that the phenomenon occurred after removal of the ganglia in the 
dog, we did not attempt to remove them in the cat. After the injection 


of atropine the animal was anesthetized with a mixture of chloroform _ 


and ether, and Pernocton (sodium butyl-8-bromallylbarbiturate 
10 p.c.) was then given intravenously. The usual dose for a dog weighing 
10-12 kg. was 2 0.0. given slowly to ensure that the respiration was 
not arrested. The dose for a cat weighing 3 kg. was about 0-8 c. c. 
In dogs the injection was made into the ear vein and in cats into the 
saphena vein at the ankle. Thereafter very little ether was necessary to 


maintain ansesthesia. We wish to draw attention to the value of Pernocton 


for operations. The blood-pressure remains low so that bleeding is mini- 
mized; after the operation the animal sleeps for a period varying from 
8 to 12 hours so that the wound is not disturbed. During the operations 
we used cotton-wool swabs sterilized by boiling in saline containing 1 in 
3000 acriflavine, and before closing the wound it was washed with 1 in 
1000 acriflavine. In the cats all the wounds healed without further 
attention ; in the dogs there was a collection of fluid under the skin for the 
first few days, but this was usually serous and non-purulent. 

The animals were kept for periods varying from 2 to 3 weeks before 
the final experiment was performed. 


(b) Final expervment. 

The observations were again made under Pernocton anesthesia; in 
one experiment ether was used at first, but since the tensions observed 
were poorer than usual, Pernocton was injected and ether was dis- 
continued; we then obtained better results. The animal was eviscerated 
and the vessels in the peritoneum covering the posterior wall of the 
abdomen were carefully divided between ligatures, to permit easy access 
to the sympathetic chain. Usually the Jeft kidney was also removed. 
The chain was not dissected at this stage. The left gastrocnemius muscle 
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was then prepared so that changes of tension occurring in it could be 
* recorded on a drum, the details of the preparation being in all respects 
similar to those described by Dale and Gasser [1926]. We began our 
observations with the use of a spring tension lever of the pattern described 
by Hill and Hartree [1920], but came to the conclusion that the 
tensions developed were too small to be properly recorded by it. We 
changed to a tension lever of the same type, but fitted with a weaker 
spring, and used it throughout the experiments on dogs. Even this was 
too strong for the experiments on cats; for these we used an ordinary 
lever, the pull of the muscle being exerted against a spiral spring. The 
levers certainly allowed some shortening, but they enabled us to observe 
changes of tension which otherwise would have been missed. 

The sympathetic chain was stimulated by induced break shocks 
obtained by the use of Lewis’s rotating contact breaker, with a frequency 


of 32 per second. The chain was divided opposite the lower pole of the 


kidney, and a portion of the lower end was freed so that stimuli could be 
applied to the part opposite the 3rd and 4th lumbar vertebre. 


EXPERIMENTAL RESULTS. 
(a) Observations in the dog. 
The effect of stimulating the sympathetic chain has been to produce 


a a contracture of the gastrocnemius muscle in all the experiments on dogs. 
The record in Fig. 1 was obtained in a dog in which the roots were cut 


Fig. 1. Record of tension in denervated gastrocnemius of dog, showing the contracture 
produced by stimulation of the lumbar sympathetic chain (a) before and (6) after the 
injection of eserine. Both the motor and sensory fibres to the muscle were degenerated. 


and ganglia were excised 18 days previously: Before stimulation the 
muscle tension was 101 g., and this increased during stimulation to about 
103 g. Eserine was then injected in a dose of 1-0 mg., and 10 min. later 

the same stimulus was repeated, though it was applied for a slightly 
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longer time. The contraction recorded on the drum was then greater, 
indicating an increase in tension of about 5 g. The rise of tension before 


N Fig. 2. Stimulation of the sympathetic chain, applied after the injection of eserine, caused 
a rise of tension of 70 g. Roots cut 22 days previously but ganglia not excised. 


Fig. 3. Showing the double form of the contracture when the chain is stimulated after 

eserine. In (a) and (c) there is an initial rise, a fall and a second prolonged rise. 
Ra Between (b) and (e) more eserine was injected, and the second rise in (c) followed the 
ö initial rise sooner than in (a). Note that in (e) intra venous infusion of adrenaline causes 
a fall of tension, and while this infusion continued stimulation was ineffective (J). 


the injection of eserine was followed by a fall below the original level; 
the rise after eserine was also followed by a fall, but the return to the base 
line did not occur for about 10 min. A greater effect is shown in Fig. 2 
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which is a record obtained with a Hill and Hartree lever; in this dog 
the ganglia were not excised, but the roots were cut 22 days previously. 
Before eserine was injected the effect of stimulating the sympathetic 
chain was too small to be reproduced; after the injection of eserine, 
stimulation produced a rise of tension of about 70 g. as shown in the 
figure. In the absence of eserine the greatest tension we have recorded 
has been 40 g. (Fig. 10 (a)). 

The effect of stimulating the chain was frequently observed to be 
more than a single rise of tension; there was an initial rise, subsiding in 
about 1 min., followed by a second slow and prolonged rise which often 


remained for 10 or 12 min.; this curious double effect is well shown in 


Fig. 3. For this experiment the roots were cut and the ganglia were 
excised 16 days previously, but the 2nd sacral ganglion was not removed. 

In Fig. 3 (a), taken after the injection of 1 mg. eserine, there was an 
initial rise of tension which subsided in 1 min., and then a second maxi- 
mum about 7 min. after the stimulation. Further injections of 6 mg. 
eserine and 5 mg. atropine were made. On repetition of the stimulation 
the second rise of tension (see Fig. 3 (c)) occurred earlier and the maximum 
was an increase of 50 g. above the initial tension. The stimulation was 
also applied in Fig. 3 (e) and, during the second rise of tension, a slow 
infusion of adrenaline (1 in 50,000) was begun into the jugular vein. The 
tension at once relaxed. A fresh stimulation applied during the infusion 
of adrenaline failed to produce an appreciable effect (Fig. 3 (J)). 


(b) Observations in the cat. 


In experiments on cats made with a tension lever, we failed to observe 
an effect when the sympathetic chain was 
stimulated; when the muscle was arranged to 
pull against a spiral spring, the initial tension 
varying from 20 to 100 g., stimulation of the 
chain produced a contraction represented by 
an increase in the tension of about 2g. The 
greatest effect is recorded in Fig. 4, and this was 
obtained without previous injection of eserine. 
Fig. 5 shows a comparison between the effect of 
stimulating the sympathetic chain and stimu- 
lating the sciatic nerve. In (b) a stronger 
stimulus (coil 3, 8 sec.) was applied to the sciatic 
than to the sympathetic in (a) (coil 5, 4 sec.); 
but thereafter the stimuli were the same. Sciatic stimulation was 
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throughout more effective than stimulation of the chain, the effect of 
which in (c) and (e) was hardly perceptible. Since the posterior root 
ganglia had not been excised, the stimulation of the sciatic was not 
only a stimulation of sympathetic, but also of sensory fibres, and the 
difference in the effect-may have been due to this; certainly in one dog 


Fig. 5. Showing the greater contracture obtained in the cat when the sciatic is stimulated 
than when the chain is stimulated. (a), (b), (e) and (d) before eserine. (e) after 0-3 mg., 
and (f) after I mg. eserine. Roots cut 15 days previously. 


Fig. 6. Contractures in the cat when the chain was stimulated. 0-05 mg. eserine injected 
before the records were taken. Compare the effect of the second stimulation in (b) with 
that of the first, noting the inhibition of tension after the rise. Roots cut 17 days 


previously 


in which the ganglia were excised and in which the effects of stimulating 
the chain and the sciatic were compared, the effects were the same. The 
effects of stimulating the sciatic in Fig. 5 (e) was greater because of the 
previous injection of 0-3 mg. eserine, and the effect of stimulating the 
sympathetic in (F) was observed after a further dose of 0-7 mg. eserine. 

Further examples of the effect in another cat are given in Fig. 6 (a) 
and (b); eserine was previously injected. The second stimulation in (ö) was 
applied shortly after the intra-arterial injection of 1 y acetylcholine at a 
time when the tension due to this injection had not completely dis- 
appeared ; the record shows an increase of tension due to the stimulation, 
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quickly followed by a fall below the initial level. Since this fall was greater 
than the fall observed after the previous stimulation, it may indicate a 
second inhibitory phase of the effect of stimulation upon the tension, 
which will be discussed later. 
(c) Contracture caused by adrenaline. 
In the course of our experiments we have observed that adrenaline 
produces a contracture in the denervated muscle of cats and dogs. We 


were anxious to test the effect of adrenaline on the Sherrington 
phenomenon when produced in the dog by stimulation of the chain after 


Fig. 7. Contractures in the dog due to acetylcholine and to adrenaline. Ergotoxine pre- 
viously injected. Between (a) and (b) eserine was injected; the effect of acetylcholine - 
was augmented (b), but that of adrenaline was unaffected (c). 


a full dose of ergotoxine had been given to exclude the vaso-constrictor 
action. The injection of adrenaline itself, however, whether intra-arterial 
or intravenous, was found to produce a contracture. Fig. 7 illustrates 
the effect in a dog after section of the sciatic nerve 9 days previously. 
Under Pernocton anesthesia, 10 mg. of ergotoxine ethanesulphonate was 
injected, after which doses of 50 and 100y adrenaline caused a large fall 
of blood-pressure. The record shows the relative effects of 10y acetyl- 
choline and 50y adrenaline, (a) before, (b) and (o) after, the injection of 
eserine. In contrast to the short contraction produced by acetylcholine, 
a long contraction, slow in onset, was produced by adrenaline, This 


contraction was unaffected by 1-6 mg. eserine which n magnified the 
effect of acetylcholine. 
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The adrenaline contracture is not only seen after the injection of 
ergotoxine; provided the doses are not too large it may be observed in 
spite of the vaso-constrictor effect. Fig. 8 (a) illustrates the effect in a 
cat, and (b) the effect in a dog in which the respective sciatic nerves were 
cut 24 and 11 days previously. During the first minute after the intra- 
arterial injection of 10y adrenaline the tension remained stationary or 
fell; it then rose slowly, the rise being interrupted in Fig. 8 (a) so that two 


Fig. 8. Contractures in (@) the cat, (6) the dog due to the injection of adrenaline. 


No ergotoxine was given. 


Fig. 9. Contractures in the dog due to adrenaline, (a) before ergotoxine, (b) after ergotoxine. 
Note that ergotoxine does not affect the action of acetylcholine. 


peaks of tension were recorded. An explanation of the two peaks is 
obtained when the same dose of adrenaline is injected before and after 
ergotoxine. Fig. 9 (a) records the double rise of tension produced in the 
gastrocnemius of a dog before the injection of 12 mg. ergotoxine, and (6) 
shows the single rise produced by the same dose afterwards. Evidently 
the double rise represents the algebraic sum of two opposed effects; the 
one, an increase in tension seen in its uncomplicated form in Fig. 9 (0), 
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and the other a diminution in tension due to an inhibitor effect which 
must have reached its maximum in Fig. 9 (a) about 4 min. after the 
injection. The response to 3y acetylcholine was unaffected by ergotoxine. 

The occurrence of the adrenaline contracture depends on the animal 
and on the dose; an animal which gives a contracture after 10 may fail 
to do so after 50 and, instead, a fall in tension is recorded. In some 
animals no contracture is observed with any dose before the administra- 
tion of ergotoxine, and even after ergotoxine the contracture does not 
always occur at once; in one experiment the injection of 50y adrenaline, 
made after giving ergotoxine, caused a rise in the tension of the cat’s 
gastrocnemius of 250 g., but the rise did not occur until 4 min. after the 
adrenaline was injected. When acetylcholine and adrenaline are injected 
simultaneously after giving ergotoxine, the initial rise of tension is the 
same as that produced by the injection of the acetylcholine alone; the 
tension falls rapidly to the maximum produced by the adrenaline alone, 
and then follows the course taken by the tension due to the adrenaline. 

We have made one experiment to seeif adrenaline caused a contracture 
of the denervated diaphragm of a kitten when suspended in a bath as 
described by Dale and Gaddum [1930]. The right phrenic nerve was 
divided and a piece about 3 cm. long was removed. A fortnight later the 
kitten was killed, and a strip of the diaphragm on the denervated side 
was excised, and suspended in Ringer’s solution. This muscle contracted 
when acetylcholine was added to the bath, and the contraction produced 
by a small dose was augmented when adrenaline was previously added to 
the bath. Adrenaline itself, however, had no contractile effect, either 
before or after the addition of ergotoxine. 


(d) The Sherrington phenomenon after ergotoxine. 

Some experiments were performed to observe the contracture pro- 
duced by stimulating the sympathetic chain after giving ergotoxine. The 
record in Fig. 10 is taken from one of these in a dog. At first strong 
stimulation of the chain gave the response shown in (a); a total of 22 mg. 
ergotoxine was then injected to ensure complete paralysis of the vaso- 
constrictor effect of adrenaline. As we have previously pointed out 
[Bülbring and Burn, 1935], larger amounts are often necessary in the 
dog than the cat, but as may be seen in the remaining parts of the figure, 
the ergotoxine produced muscular twitching. Fig. 10(b) records the 
response to the intra-arterial injection of 100y adrenaline, and (c) the 
repetition of the stimulus applied to the sympathetic chain. Both the 
injection of adrenaline and the stimulation of the chain produced a fall 
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of blood-pressure. The stimulation after ergotoxine produced an initial 
rise of tension similar to that seen before; this rise was followed by a fall 
below the initial level and then by a second prolonged rise which was 


Fig. 10. Showing effect of ergotoxine on the contracture produced by stimulating the 
sympathetic chain in the dog. Note in (a) the initial rise of 40 g. and the small second 
rise. (6) shows the effect of adrenaline after ergotoxine. (c) shows the effect of stimu- 
lation after ergotoxine; the initial rise seen in (a) remains, but is followed by a fall and 
a second rise resembling that produced by adrenaline in (ö). (d) and (e) are records 
after the injection of eserine which does not increase the adrenaline contraction or 
the second rise after stimulation. Eserine does increase the first rise after stimulation. 


almost absent before the administration of ergotoxine; this second rise 
was indeed very like that produced by the injection of adrenaline. The 
records (d) and (e) were taken after the injection of 1 mg. eserine; the 
initial effect of stimulation (e) was thereby augmented but the adrenaline 
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contraction and the second prolonged rise after stimulation were less than 
before. We are of opinion that the lessening of these effects was not a 
specific effect of eserine, for in other experiments (see Fig. 7) eserine did 
not diminish the adrenaline response. Since, however, the initial rise of 
tension was augmented by eserine while the second prolonged rise was 
not, and because of the parallelism between the second rise and the rise 
produced by adrenaline, we think that this second rise is more likely to 
be due to adrenaline liberated by the sympathetic stimulation than to 


acetylcholine. 
Discussion. 


The experiments described leave no room for doubt whether the 
Sherrington phenomenon can be produced by stimulation of the 
lumbar sympathetic chain; they show that it is readily so produced in 
dogs, and that small contractures are also obtained in cats. These findings 
agree very well with the results of our previous experiments [Biilbring 
and Burn, 1935] which showed that cholinergic dilator fibres are easily 
demonstrated in the sympathetic chain of the dog, but that proof of the 
existence of similar fibres in the cat is difficult to obtain. The chain of 
evidence seems now complete that the Sherrington phenomenon occurs, 
in part at least, because of the liberation of acetylcholine from sympathetic 
vaso-dilator fibres; the liberated acetylcholine then diffuses into the 
muscle substance, which, being denervated, responds to the presence of 
the acetylcholine by contracture. 

Hinsey and Cutting were unable to obtain a contracture by stimu- 
lating the chain in cats, though in one cat they were successful when they 
stimulated the grey rami; the tensions we have observed in cats have 
been so low as 1-2 g., and it may be that the recording system used by 
Hinsey and Cutting was insensitive to these tiny effects. 

We have been very puzzled by the smallness of the tensions we have 
observed, since Hinsey and Gasser [1928] record tensions as high as 
900 g. in the cat’s gastrocnemius after stimulating the sciatic nerve; these 
were observed after root section without excision of the ganglia. It may 
be that our experiments furnish a clue to the difference. 

When the sympathetic chain is stimulated, not only is acetylcholine 
liberated from whatever cholinergic dilator fibres are present, but adrenal- 
ine (or sympathin) is liberated from the constrictor fibres and from 
adrenergic dilator fibres. Now Hinsey and Gasser [1928] showed that 
the Sherrington phenomenon was suppressed by circulating adrenaline; 
our own experiments illustrate this observation (see Fig. 3 (e)). In 1930 
Dale and Gaddum showed that the contracture produced by acetyl- 
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choline was abolished when the sympathetic chain was stimulated. These 
results make it reasonably certain that when a contracture is observed to 
follow the stimulation of the chain, the initial increase of tension is only 
the remnant which the adrenaline (or sympathin) liberated is unable to 
inhibit. There is evidence of the inhibitory effect in different experiments; 
thus in Fig. 1 (a), after the preliminary rise of tension there was a fall 
below the initial level. This may be interpreted as an inhibition of tension 
due to adrenaline, or to the natural course of the relaxation; in another 
experiment, however, the size of the fall was seen to depend on the 
tension existing in the muscle before the stimulation was applied. Thus, 
in Fig. 6 (b), the same stimulus was applied before and also after the 
injection of 1y acetylcholine; the second stimulus, applied when part of 
the tension due to the acetylcholine was still present, gave a rise like that 
given by the first, but the following relaxation was much greater. This 
relaxation, we think, must be regarded as an active inhibition of tension. 

Further evidence of the inhibitory effect is provided by the contrac- 
ture observed in the dog after the injection of eserine. The records in Fig. 3 
show that the contracture has two phases, an initial rise which has 
disappeared in 1 min., and a later prolonged rise. This twofold rise of 
tension is explained by supposing that after the first rise due to the 
liberation of acetylcholine, the inhibitory effect of adrenaline is exerted - 
and the tension falls; when the inhibitory effect passes off, the acetyl- 
choline, preserved by the presence of eserine, once more causes a 
contracture. 

Evidence that the contracture following stimulation of the chain is 
the resultant of the opposed effects of acetylcholine and adrenaline does 
not, however, explain the greater effect obtained when the sciatic nerve 
is stimulated. Hinsey and Cutting [1933] failed to obtain any effect by 
stimulating the chain, but regularly obtained the contracture by sciatic 
stimulation when both motor and sensory fibres had degenerated. More 
than one factor may be responsible. Stimulation of the chain at one point 
may stimulate only a few of the sympathetic fibres leading to the gastroc- 
nemius, while stimulation of the sciatic may affect all of them; if this is 
so, the amount of acetylcholine liberated in the neighbourhood of the 
muscle will be greater when the sciatic is stimulated. In the second place 
stimulation of the chain will cause the release of adrenaline (or sympathin) 
from vaso-constrictor endings in all arteries peripheral to the bifurcation 
of the aorta, whereas stimulation of the sciatic will affect far fewer vaso- 
constrictor endings. We may summarize the difference between stimu- 
lation of the sciatic and of the chain by saying that sciatic stimulation will 
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probably yield more acetylcholine and also less adrenaline than stimu- 
lation of the chain; consequently the tension developed will be much 
greater after sciatic stimulation. 

Dale and Gaddum [1930] investigated the inhibitory action of 
adrenaline on the response of denervated muscle to acetylcholine and 
concluded that it was not due to vaso-constriction; they suggested that 
adrenaline reduced the permeability of the capillary walls to acetyl- 
choline. They showed further that adrenaline had an adjuvant effect 
which followed the initial inhibitor effect, and which could be demon- 
strated in vitro on a strip of denervated diaphragm. We have now found 
that adrenaline produces.a contracture in the denervated gastrocnemius 
of both cat, and dog, similar to that observed by v. Euler and Gaddum 
[1931] in the denervated facial muscles. When adrenaline is injected after 
full doses of ergotoxine have been given, the contracture usually appears 
without a latent period as a slow and prolonged rise of tension; in the 
absence of ergotoxine the contracture may not appear at all or there may 
be an alternation of rise and fall of tension. Evidently adrenaline can 
inhibit its own effect in causing contracture just as it can inhibit that of 
acetylcholine and, since part of this inhibitor effect is removed by ergo- 
toxine, that part appears to be due to vaso-constriction. Sometimes, 
however, after ergotoxine, the rise in tension appears after an interval; 
this latent period may be caused by the reduced permeability of the 
capillary walls, suggested by Dale and Gaddum. 

We may now attempt to analyse the actual form of the Sherrington 
phenomenon produced in the dog by stimulating the sympathetic chain; 
hitherto it has been looked upon as a single contraction, but our results 
indicate that it is more complex. There are three conditions in which the 
response should be considered: in the absence of drugs, in the presence 
of eserine and in the presence of ergotoxine; to explain the responses it is 
to be remembered that both acetylcholine and adrenaline (or sympathin) 
are liberated by sympathetic stimulation and both substances can cause 
a contracture. 

The response in the absence of drugs is best seen in Fig. 10 (a); it 
consists of an initial rise of tension which quickly passes off, followed by 
a small but perceptible rise of tension which is slow and prolonged. We 
consider that the initial rise is due to acetylcholine and that the second 
small but prolonged rise is due to adrenaline. In the absence of eserine 
the acetylcholine produced by the stimulation is destroyed too quickly 
for it to be responsible for this late second rise, the time relations of which 
agree with those of an adrenaline contracture. | 
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The response in the presence of eserine may be examined in Figs. 1 
and 3. There is a larger initial rise, a fall of tension and again a second rise 
which in Fig. 3 is nearly as great as the first one. The initial rise aug- 
mented by eserine must be due to acetylcholine; since eserine does not 
increase an adrenaline contracture, the second rise must also be due in 
the main to acetylcholine; we have already suggested that the fall in 
tension between the first and second rise is caused by the inhibitory effect 
of adrenaline (or sympathin) and that the second rise represents the 
continuation of the effect of the persisting acetylcholine as the inhibitory 
action of adrenaline passes away. 

The response in the presence of ergotoxine is shown i in Fig. 10 (c). 
There is an initial rise due to acetylcholine no greater than that seen 
before ergotoxine. The second rise is much greater than before, and we 
consider that it is almost certainly due to adrenaline, now able to exert 
a greater effect in causing contracture, when its vaso-constrictor action is 
paralysed ; the second rise closely resembles the effect of an intra-arterial 
injection of adrenaline, and it is not increased when eserine is subsequently 
injected, as is the initial rise (see Fig. 10 (e)). 

In concluding this discussion there is one possibility which should not 
be overlooked, though we think the evidence of Hinsey and Cutting 
[1933] makes it very unlikely. They were unable to obtain the Sherring- 
ton phenomenon when they stimulated the posterior roots, and from this 
and other evidence it is clear that the sensory fibres play no principal part 
in the phenomenon. The sensory fibres may, however, play some part, 
so that when they are stimulated together with the sympathetic fibres in 
the sciatic trunk, the effect of the sympathetic stimulation is augmented. 


SuMMARY. 


1. After degeneration of the motor nerve supply, a contracture of the 
gastrocnemius muscle of the dog and the cat can be obtained by stimu- 
lation of the lumbar sympathetic chain. Thus the Sherrington pheno- 
menon is due to the stimulation of the sympathetic fibres in the sciatic 
trunk. 

2. The contracture which occurs when the chain is stimulated is much 
more readily seen in dogs than in cats; since we have shown that chol- 
inergic dilator fibres are much more numerous in dogs than in cats, our 
evidence supports the view that the contracture is due to the liberation 
of acetylcholine from the endings of the sympathetic vaso-dilator 
fibres. 
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3, The denervated muscle of the leg responds to an injection of 


adrenaline by a slow prolonged contracture, though this is not always 
seen unless ergotoxine is previously injected. | 

4. Stimulation of the sympathetic chain liberates adrenaline (or 
sympathin) as well as acetylcholine. The liberated adrenaline affects the 
muscle in two ways; it reduces the rise of tension caused by acetylcholine, 
but it also causes a second late rise of tension. The reduction of tension 
is well seen after eserine when the prolonged effect of acetylcholine is 
broken by a period of reduced tension into two phases. The rise of tension 
caused by the liberated. adrenaline is readily seen after ergotoxine, as a 
second rise following the rise due to acetylcholine. 


The expenses of this research have been paid by a grant from the Government Grant 
Committee of the Royal Society. Our thanks are due to Mr H. W. Ling for his help, and 
to Messrs J. D. Riedel-E. de Haén, A. G., Berlin, for placing a supply of Pernocton at our 
disposal through their agents, the Old Strand Chemical and Drug Co., Ltd. 
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OXYGEN DISSOCIATION CURVES AND OSMOTIC 
PRESSURES OF HASMOGLOBINS OF 
DIFFERENT SPECIES. 

By E. F. McCARTHY. 

(From the Physiological Laboratory, Cambridge, and the 

Department of Physiology, Cork.) 


(Received August 24, 1935.) 


Barorort [1928] has reviewed earlier work on the affinity for gases 


of the hemoglobins of animals of different species. The ratio of the 
affinities for oxygen and carbon monoxide has been determined for a 
considerable number of species, and the oxygen dissociation curves of 
the bloods of a variety of species including birds [Wastl and Leiner, 
1931] and fish [Root and Green, 1933]. Less detailed information is 


- available concerning the affinities for the pure gases, although it has 


been shown that the hemoglobin of man has an affinity for oxygen 
lower than that of arenicola, and higher than that of the frog [Barcroft 
and Barcroft, 1924; Macela and Seliskar, 1925]. 

In order to make exact comparisons of the oxygen dissociation curves 
of different species of animals, all of the conditions should be identical, 
including the temperature and the “effective concentrations” or “ac- 
tivities” of all of the inorganic ions present, including hydrogen ions. 
The best approximation towards these conditions is obtained by the 
dialysis of the hemoglobin against large volumes of standard, buffer 
mixtures. This method of dialysis has been used for comparing dissocia- 
tion curves for one species (man) at different hemoglobin concentrations 
[Adair, 1925 a] and for comparing fœtal and maternal hemoglobins, but 
it has not yet been used for comparing different species. In this work, 
dissociation curves have been made on hemoglobins of man, the rabbit, 
the goat, the pig and the cat, dialysed against phosphate buffers. 

In addition a series of measurements of the osmotic pressure of these 
proteins have been made. 
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PREPARATION OF MATERIAL. 


Samples of blood from 15 to 30 c.c., obtained from each species, were 
centrifuged and the corpuscles were washed three times with salt solution. 
The stromata were removed by the use of purified ether and sodium 
chloride, as described in detail in an account of the preparation of CO 
hsemoglobin published by Adair and Adair [1934]. The preparations 
were dialysed in collodion membranes with distilled water for 1 day and 
for a period of 4-10 days with Sorensen phosphate buffer mixture con- 
taining zw mol. of potassium dihydrogen phosphate and 3 mol. of 
disodium hydrogen phosphate, per litre of solution. The pH value of 
this mixture is 6-81 at 20°C. and about 6-78 at 38°C. The solutions 
were used at pH 6-8 rather than at pH 7-4 for reasons discussed in a 
previous paper [McCarthy, 1933]. The amounts of methemoglobin 
present were not determined. Previous work has shown that there is 
little difference between the dissociation curves of solutions containing 
varying amounts of methemoglobin [McCarthy, 1933]. 


OXYGEN DISSOCIATION CURVES. 


The hemoglobin solutions were equilibrated in the saturator described 
by Barcroft [1934]. The percentage oxygenation of the solutions was 
determined by the van Slyke manometric technique. Duplicate 
Haldane analyses were made on the gas phase. Some data of the 
hemoglobin solutions are shown in Table I. The species are arranged 
in the order of decreasing affinity for O,. 


0 I. 
pressure 
* preparation 
Species saturation (approx.)  .c./100 0. o. Date 
Pig 21 2-0 15-45 J 3, 1935 
Man 24 2-2 12-60 pe 2, 1934 
Man 20 — 11-00 Aug. 24, 1934 
Rabbit 27 2-6 18-84 Apr. 20, 1933 
Rabbit : 29 3-0 13-84 June 25, 1934 
Goat 39 2-2 13-36 May 19, 1933 
Goat (mother) 37 20 1-72 Apr. 25, 1934 
3 


The oxygen dissociation curves of different species are shown in 
Fig. 1. Before comparing different species it is necessary to compare 
the hemoglobins of different individuals of the same species. In the 
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curves for the rabbit, the cat, the goat, and man, the points determined 
for the first preparation are represented by circles. The points obtained 
for the second preparations are represented by crosses. In all species 
both sets of points are represented by the same curve. Even in the case 
of the goat, where the first individual was a kid aged 6 weeks, and the 
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Fig. 1. Oxygen dissociation curves of prepared hemoglobin solutions 
of different species, at pH 6-8 and at 37 C. | 


second was the mother, the points all lie on the same curve. In com- 
paring the different species, there is a wide range of variations, which 
is far greater than the experimental errors. Any differences in the shape 
of the curves can be represented by the calculation of n in Hill's equa- 
tion, y/100=ka"/(1+ka"), in which y represents percentage saturation, 
« oxygen tension and & is a constant. The value of n is usually determined 
by plotting log v against log y/(100—y). In this work a simpler alter- 
native method was also employed in which the value of n was determined 
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two points covering wide mange of 
tion. The formula used wass 


n=0-9701/log =" (1) 


in which 2 and % represent the oxygen pressures corresponding to 
saturations of 30 and 80 p.c. respectively. It will be seen that the range 
of variation in the values for u for different species is small. On the 
other hand, the values of the oxygen pressure at half-saturation (2,9) 
show a wide range of variation. The values of 2 for the three species, 
the rabbit, man and the pig, are close together, but the values for the 
goat and the cat are markedly higher. Discussion of the theoretical 
significance of these variations must be postponed until a wider range 
of species has been investigated and the chemical composition of the 
globins of different species have been studied in greater detail. 


OSMOTIC PRESSURE MEASUREMENTS. 


Measurements of the osmotic pressure were made using the same 
phosphate buffer mixture. Osmometers were used as described by Adair 
[19256]. The results are shown in Table II, in which (h oh is the osmotic 


Taste II. M/15 phosphate buffer. 


Exp. 
No. h-e Pug (0°) 
1 Dog 2˙5 4-27 3-14 2-73 1-15 
Sa Cat 2-5 2-92 2-15 2-75 0-783 
3 Dog 2-5 14-28 10-6 2-88 3-68 
4 2˙5 21-37 15-98 2-87 5-51 
5 Cat 3 14:57 10-93 . 2-88 3-795 
6 «ö; 16-60 3-08 5:38 
7 4 3 11.71 8-78 2-70 3-25 
8 5 5 11-54 8-63 2-90 2-97 
9 3 3 5-90 4-40 2-89 1-524 
10 - Rabbit 3 30-90 23-15 3-05 7-585 
11 1 3 18-23 13-58 2-72 4-997 
12 i 3 13-70 10°15 2-65 3-828 
13 5 3 5-48 4-05 2-46 1-642 
14 ig 23-87 17-82 3-11 5-744 
15 70 3 10-59 7-85 2-54 3-096 
16 3 7.75 5-73 20762 2-19 
17 7-16 5-30 2-82 ‘1-879 
18 * 3 6 4-64 2-43 1-91 
19 2 3 15˙82 11-72 2-92 4-02 
20 Rabbit 0 21-30 16-0 2-98 5-37 
21 4 0 13-66 10-22 2-71 3-77 
22 8 0 10-36 7.76 2-74 2-83 
23 7 0 7-58 5-65 2-81 2-01 
24 Pig 1 13˙67 10˙20 2-97 3-43 
25 ye 1 12-36 9-22 2-73 3-38 
26 pe 1 13˙84 10-32 2-89 3-58 
27 15 1 13-59 10-14 2-84 3-58 
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pressure in cm. of solution at the given temperature, Pn, (0°) is the 
osmotic pressure reduced to mm. Hg at 0°C., assuming that the effect 
of temperature on osmotic pressure is represented by the gas law. 
C represents the concentration expressed as grams of protein per 100 c.c. 
of solution. The refractive indices of the protein solution R’ and of the 
dialysate R' were measured and the protein concentration O was calcu- 
lated by the formula R R =0-001945C as described by Stoddard 
and Adair [1923]. a denotes the ratio P/C. Table III shows the mole- 
cular weight of the proteins calculated from the osmotic pressures by the 


Taste III. 
Species M M (by sedimentation) 
Dog 287 66,000 61,000-65, 000 
Cat 2-63 65,000 63,000-65,000 
Man 2-63 65,000 68,000—71,000 
2-62 65,000 — 
| 2-48 69,000 65,000-68,000 


modification of van t Hoff’s law described by Adair and Robinson 
[1930], and represented by formula (2): 


é᷑Q mün 2 
in which M molecular weight in grams of dry protein 
and 760 x 22-412 17,033 at 0°. 


no- the limiting value of the ratio P/C in the infinitely dilute solution. 


Methods for the determination of this ratio by extrapolation, plotting 
or 1/m against C, have been discussed by Adair and Robinson [1930]. 
In the case of sheep’s hemoglobin [Adair, 1928] the relationship be- 
. tween and O can be represented by an empirical formula of the type 


| 

where K is a constant, approximately 0-024. In this work values of 1 
have been estimated by applying formula (3) to the data for the more 
concentrated solutions, where the values of 7 can be determined with 
greater accuracy. The values of 7) and the molecular weight M are 


recorded in Table III. 85 


In addition to the values for M in the third column, estimated from 
osmotic pressures, values estimated from the rates of sedimentation pub- 
lished by Svedberg and Hedonius [1934] have been recorded in the 
fourth column. In estimating these values the rate of sedimentation 
of horse hemoglobin of molecular weight 68,000 was taken as a standard 
of reference, and the values for other species were estimated on the 
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assumption that the sedimentation rate varies as the square and the 
molecular weight as the cube of the radius of the particles. This calcu- 
lation may be subject to error if the shapes of the particles of different 
species are not identical. The values of M measured by the osmotic 
method for different species are in close agreement with the exception 
of the rabbit, where M is about 4 p.c. in excess of the average value. 


SuMMARY. 


1. Oxygen dissociation curves have been measured on solutions of 
hemoglobin obtained from man, the goat, the pig, the rabbit and the cat. 
The hemoglobins of some of these animals differ markedly in their 
oxygen affinities. 


2. Osmotic pressure determinations reveal no difference in the mole- 
cular weights of these proteins except in the case of rabbit hemoglobin, 
which is 88 in excess of the average value. 


I wish to express my sincere thanks to Sir Joseph Barcroft and Mr G. S. Adair 
for their kind advice and help. VVV 
by Prof. D. T. 
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VASO-CONSTRICTION FOLLOWING 
DEEP INSPIRATION. _ 


By B. BOLTON, ER. ARNOLD CARMICHAEL 
b G. STURUP (Rockefeller Foundation Fellow). 


(From the Research Unit, National Hospital, Queen Square, London.) 
(Received: August 24, 1935.) 


Durine the study of vaso-motor reflexes in the limbs of man by means 
of plethysmographic records a reflex associated with respiration was 
encountered. It is the purpose of this paper to describe this reflex. 


METHOD. 


A finger was inserted into a glass container moulded to the shape of 
the finger and yet of sufficient size to permit of an air space between the 
wall of the container and the finger. The proximal end was sealed with 
zinc oxide paste which made an airtight joint without causing any 
appreciable venous engorgement. During the course of each experiment 

“care was taken to ensure no movement of the digit in and out of the 
container. From the distal end of the container rubber pressure tubing 
of 3 mm. bore led to a thistle funnel covered with a rubber diaphragiif 
to which was attached an optically flat mirror. A beam of light thrown 
on the mirror was reflected on to a moving strip of bromide paper. 
Continuous records of the volume of a finger were thus obtained over 
long periods, By arranging a battery of mirrors connected to suitable 
containers, it was possible to obtain synchronous records from several 
digits of the hand, or from individual digits of all four limbs, In order 
to facilitate the making of records the mirrors were so arranged that 
diminution in volume in one limb was indicated by the curve ascending 
the paper, and in another limb by a curve descending the paper. 
A balloon attached to the chest by a rubber band and connected with 
a similar funnel indicated the phases of respiration. In a few experi- 
ments records of variation in rectal pressure were obtained by placing 
a balloon 10-15 om. inside the anal sphincter. Through a T-piece in the 
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length of pressure tubing the intrarectal pressure could be varied. Time 

marker and signals were suitably arranged. . 

I be subject under investigation sat in a N chair with the 
arms slightly abducted and extended, and the hands lying comfortably 


on a rubber sponge at the level of the heart. When records were being 
taken from the digits of the lower limbs the subject lay on a couch. In 


order to obtain a maximum and constant degree of vaso-dilatation the 
subject was warmed either by immersing the legs up to the knees, or 
the arms, and keeping them moving gently in a tank of water at 44—45° C. 


* 


Fig. 1. Normal. Record from left and right second fingers (LV 2. RF2) of 4 normal 


mil 


subject. No stimulus was given over a period of 80 sec. In this and all records the 


arrow following the letters which indicate the digit points in the direction of increased 
digit volume. The respiratory tracing is adjusted so that the downstroke is inspiration 
and upstroke expiration. 


Rectal temperatures were taken, wy means of a thermocouple inserted 
5-6 cm. above the anal sphincter in several experiments to ensure that 
adequate warming had occurred. During the course of the experiment 
absolute silence was demanded in the experimental room, from which 
draughts were excluded, and in which the temperature was kept nearly 
constant. The subject was requested to keep his eyes closed. 

Fig. 1 is a typical example of the records obtained by such methods 
and demonstrates the practically level base line so obtained. 


EXPERIMENTAL RESULTS. 


Normal. 


In a series of experiments on over twenty healthy young female and 
male adults it was observed that a diminution in volume of the digits 
was recorded without any known stimulus having been given to the 
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subject. On examination of the records it was found that this occurred 
immediately following a sigh. This diminution in volume took place in 
the digits of all four limbs synchronously 2-3 sec. after the commence- 


Normal, Deep breth, followed by diminution in volume of dig ofl bor 
ETI and LTI refer to right and left first toes. 


~ 


Fig. 3. Normal. Waves of alteration of digit volume in association with normal breathing 
and following a deep breath. : 

ment of the sigh (Fig. 2). The alteration in volume so described is entirely 

different from, and of larger amplitude than, the changes seen during 

normal respiration (Fig. 3). 
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An exactly similar diminution in volume of the digit was obtained 
on requesting the subject, either verbally or by a signal, to take a 
voluntary deep breath imitative of a sigh. The time relation to the 
respiratory changes was in every way similar to that obtained following 
a sigh. By utilizing the imitative sigh or voluntary deep breath, the 
mechanism of the diminution in volume was further investigated. 


Denervated limb. 


In one subject, in whom the right brachial plexus was completely 
torn across 18 months previously, no diminution in volume occurred in 


Fig. 4. Denervated limb. Right brachial plexus lesion. No alteration in volume of right 
second finger. Left second finger shows normal response, 


the digits of the denervated limb following a deep breath, although it 
still occurred as in a normal in the digits of the other limbs (Fig. 4). 
The diminution in volume of a digit is therefore ent upon the 
integrity of peripheral nervous pathways. 


Sympathectomized lamb. 


In two subjects in whom the stellate ganglion had been removed by 
operative procedure the digit of the sympathectomized limb did not 
show any evidence of diminution in volume on deep breathing. The 
alteration in volume was encountered in the other three limbs. Similarly 
in a subject with the lumbar sympathetic ganglia removed no response 


was obtained from the digits of that limb, although the e of 1 
other limbs reacted . (Fig. 5). 
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It thus appears that the diminution in volume of a digit associated 
with deep breathing is dependent upon the integrity of the peripheral 
sympathetic system. These experiments also rule out the possibility of 
movement of the digit within the container being the cause of the re- 
corded volume diminution. 


| Fig. 5. ; Fig. 6. 
Fig. 5. Sympathectomized limb. Right lumbar sympathetic chain removed. 
: No alteration in volume of the first toe of the right leg. ia 
Fig. 6. Cauda equina lesion. Normal responses in right and left toes 
as well as in right hand. 


| Lesion of cauda equina. 

A young man as the result of a motor-cycle accident suffered from 
wasting of both legs associated with a sensory loss indicating a lesion 
involving the lower lumbar and sacral anterior and posterior roots of 
the cauda equina. At operation 7 months after the accident the cauda 
equina was found to be matted by adhesions and the roots were pale 
grey in colour. On taking a deep breath a normal response was obtained 
from the digits of the lower limbs (Fig. 6). As in this case the posterior 
and anterior roots supplying the lower limbs were damaged, leaving 
intact the roots above and including that arising from the first lumbar 
segment, the vaso-motor preganglionic fibres to the feet were intact. 

This experiment demonstrates that the diminution in volume of the 
digits is independent of the somatic motor and sensory: fibres and must 
accordingly be dependent upon preganglionic fibres which in this case 
left the cord at a higher level than the root lesion. 
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Transection of the spinal cord. 
ee! bia with a transverse lesion of the spinal cord was examined. 
The lesion was the result of a motor-cycle accident and was at the level 
of the third dorsal segment, which was confirmed at operation. Below 
the level of the lesion no voluntary movements were possible and there 
was a complete anesthesia. A deep inspiration in this subject caused 
no diminution in volume of the digits of the feet, but a small diminution 
in volume occurred in the digit of the right hand (Fig. 7). The left arm 
was used as the heating mechanism. The smallness of the change of 
volume in the digit of the hand is explicable by the level of the lesion, 
as some of the vaso-motor preganglionic fibres to the upper limb leave 


Fig. 7. Transverse lesion of spinal cord. No change in volume of toes but small change 
in right second finger. There is a slight diminution of volume of the left toe (LT 1) 
before inspiration has taken place: 
with the inspiratory phase. 


Fig. 8. Occluded circulation. Diminution in volume in left finger to which the circulation 
was occluded. Normal response in right second finger. : 


the cord at a lower level. This would result in less vaso-constriction of 
the digits of that limb. 
This experiment shows that the e in volume of the “aaa 
of the lower limb is dependent upon an intact spinal cord. 


Limb with circulation occluded. 


i. several experiments on different subjects the e was 
suddenly occluded in the upper limb by rapid constriction of the upper 
arm and forearm by means of two rubber cuffs blown up from a large 
reservoir of air. The pressure in the cuffs was raised to above 200 mm. 
of mercury. On taking a deep breath a diminution in volume occurred 
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in the digit of the limb with the vascular supply occluded at the same 
time as in the digits of the other limbs (Fig. 8). 

These experiments point to the diminution in finger volume being 
independent of a circulating blood supply and thus not — on 
the basis of altered heart output or venous pressure. 


Altered respiratory rhythms. 
_ To determine if possible the nature of the stimulus for the production 
of this altered finger volume, the following investigations were carried 
out. Several subjects were requested to take a deep breath ca to hold it. 


Fig. 9. Deep breath held. Eben in th dito curing daring the 
holding of breath at end of deep inspiration. 


On doing so the diminution in finger volume occurred 2-3 sec. after the 
inspiratory phase and during the holding of the breath (Fig. 9). It was 
accordingly assumed that the inspiratory phase was the important 
stimulus for the production of the diminution of finger volume. This 
assumption was confirmed in four ways. Firstly, the subject was asked 
to take a series of breaths of increasing depth at intervals of a minute 
or more. Only when a sufficient depth of inspiration was recorded was 
the diminution in finger volume apparent: and the greater the depth 
the more marked was the alteration in finger volume. Secondly if the 
subject was asked to take a deep breath by a series of short inspirations— 
so as to produce a step-like inspiration—the finger volume change oc- 
curred only when the depth of inspiration was considerably greater than 
that of normaljbreathing (Fig. 10). Thirdly, following a long slow inspira- 


tion, finger volume decreased towards the end of the inspiration. Lastly, 


* 
it 
* 
2 
* 
. 1 * 
4 
7 114 
* 
77 
We 
tit 
: 
j 
* 
* 
* 
2 
— 
5 
ag 
| 
Ad 


90 B. BOLTON, E. A. CARMICHAEL AND d. STUROUP. 


several subjects were asked to expire forcibly from the neutral position 
of breathing and then after. several normal inspirations to take a deep 


breath (Fig. 11). No significant alteration in finger volume oooutred 
with expiration but did with inspiration. 


Fig. 10. Step breathing. Response only on sufficient depth of breathing. 


~ 


Se 


Fig. 11. Expiration and inspiration. „ eee 
Good response on deep inspiration. 


These experiments demonstrate that the inspiratory phase is the 
important factor. 


Altered gaseous content of respired air 
In three subjects, by means of a mask it was possible to switch over 
from breathing air to a mixture of 80 p. c. oxygen and 20 p.c. carbon 
dioxide. No diminution in finger volume occurred. At other times pure 
oxygen was given. Again no diminution in volume of the digits occurred. 
In many subjects the breath was held for varying periods of time at all 
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stages of the normal respiratory phase, yet never was diminution of 
digital volume seen. 

These experiments strongly suggest that the afferent mechanism is 
unassociated with the alteration in gaseous content of the lung. 


Fig. 12. 

Fig. 12. Abdominal breathing. No marked response on taking deep abdominal breath. 
Note lack of movement of mirror connected to chest balloon and the marked increase 
in rectal pressure. Increase of intrarectal pressure is indicated by a downstroke. 

Fig. 13. Thoracic breathing. Marked response on thoracic deep breathing. Note large 
excursion of mirror of chest balloon and little alteration of rectal pressure. 


Fig. 14, Abdominal pressure. Marked increase of rectal pressure produced ty linading 
on abdominal wall with hands. No alteration of finger volume, 
Abdominal and thoracic breathing. 
With the chest tightly bound to limit as much as possible expansion 
of the chest, two subjects were requested to take a deep breath. The 
intrarectal balloon showed a great rise in intra-abdominal pressure, and 
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the balloon applied to the chest little or no chest expansion. No signi- 
ficant alteration in finger volume occurred (Fig. 12). With the abdomen 
bound and a deep thoracic breath taken, a diminution in volume of the 
digits occurred 2-3 sec. after the inspiratory phase (Fig. 13). Pressure 
with the hand on the abdominal wall sufficient to increase very greatly 
the intrarectal pressure produced no change in the volume of the — i 
(Tig. 14). : 
These experiments suggest that expansion of the chest is an im- 
portant factor in the cause of the production of finger volume — : 


Alteration of intracranial venous pressure. 


In several subjects intracerebral venous pressure was raised by : 
applying pressure to the jugular veins and suddenly releasing it at a 
later stage. Neither the increase nor sudden release of intracranial 
venous pressure was associated with a diminution in finger volume. 

This experiment suggests no relationship between alteration of intra- 
cerebral venous pressure and the diminution of finger volume. 


Air temperature. 

Two subjects were requested to take a deep breath of warm and then 
of cold air. In both instances a diminution in finger volume occurred 
possibly a little more with the cold air. 

This experiment indicates that the temperature of the air plays no 
significant part in the production of the diminution in finger volume. 


— 


Discussion. 


The digits were chosen for this investigation on account of two reasons. 
First, they are richly supplied with blood vessels under the control of the 
nervous system, and second they contain no muscle tissue. The latter is 
of importance, as any alteration in the volume of the finger is only likely 
to result from alteration in the vascular bed, and there is no possibility 
of the results being complicated by alteration in the volume of muscle. 

The experiments recorded go to establish the presence of a diminution 
in volume of digits in association with deep inspiration. That this diminu- 
tion in digital volume is due to a nervous reflex and not an alteration 
in heart output or of venous pressure is determined by its absence in 
the denervated and sympathectomized limb and its presence in a normal 
limb with occluded vascular supply. Its absence in denervated and sympa- 
thectomized limbs precludes the possibility of a mechanical factor, such 
as movement of the finger, being the cause. Being dependent upon an 


8 
4 
. 
4 
omg 
aN 
Hr 
by 
ay 
2 
< 
yar 
7 
. 
. 
ug 
iq 
* 
2 
= 
2 
2 
ty 
* 


INSPIRATORY VASO-CONSTRICTION. 93 


intact sympathetic nervous supply to the digit, it can only be assumed 
that the diminution in volume is the result of constriction of the blood 
vessels, as no other tissue in the digit can decrease in size by a nervous 
mechanism. In other words the diminution in volume described in these 
experiments is produced by vaso-constriction. Accepting it as such, the 
vaso-constriction has been shown to be dependent upon the integrity of 
the sympathetic postganglionic fibres and also upon the integrity of the 
preganglionic fibres. Further the absence of vaso-constriction in the 
lower limbs of the paraplegic as well as its activation synchronously in 
all four limbs of a healthy subject point to its control from a level in 
the central nervous system above that of the spinal cord. 

That the cause of this vaso-constriction is dependent upon the inspi- 
ratory phase is evident from the last series of experiments. It has been 
shown that the stimulus is unlikely to be related to alteration of the 

gaseous content of the blood. Its absence in abdominal breathing 
suggests that the expansion of the chest is the important factor in the 
production of the afferent stimulus. It certainly appears to be in no 
way connected with the alteration of intracerebral venous pressure or 
intra-abdominal pressure. One concludes therefore that there may be 
an afferent stimulus either from the chest wall or from the contents of 
the thoracic cavity. In favour of the former is the experiment that the 
vaso-constriction only occurs on taking a thoracic inspiration and not 
with an abdominal inspiration. That the temperature of the inspired air 
plays no significant part by stimulating afferent nerves in the respiratory 
passages is obvious from the last experiments described. Accordingly, 
the view is favoured that the stimulus arises in the chest wall by its 
expansion and is probably mediated by the intercostal nerves. It has 
not been possible to carry the investigation further in the human to 
prove this, It is therefore intended to carry the problem further by a 
study of experimental animals. 

To our knowledge only two references occur in the literature to this 
alteration in volume associated with a single deep breath. Binet and 
Sollier [1895], in finger plethysmographic studies in association with 
intracerebral pressure readings, observed that alterations of breathing, 
especially deep breathing, was associated with a diminution in finger 
volume. Uhlenbruck [1924], in a study with limb plethysmographs, 
discusses the occurrence of volume change in association with deep 
breathing. The latter stated that it occurred in the legs 2-3 sec. after 
that in the arm. Neither author described the alteration in volume in 
detail nor did more than to record the observation. 
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. Summary. 


reflex in man following upon deep 
and the experiments undertaken to investigate it, have been described. 
Its absence in denervated and sympathectomized limbs points to its 
reflex character. Evidence has been brought forward in favour of the 
afferent stimulus arising from the expansion of the chest wall. 


ADDENDUM. 

During the period that this article was in the hands of the press, our attention has 
been drawn to the work of Goetz [1935]. By means of plethysmographic records from 
a finger he demonstrated a diminution in finger volume following a deep breath. As this 
diminution in volume was demonstrable after light constriction of the arm, sufficient to 
prevent the venous return, he postulated that ee 
responsible for the diminution in finger volume. 


patients under their care. This work has been undertaken on behalf of the Medical Research 
Council. | 
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THE SECRETAGOGUE AND DEPRESSOR SUBSTANCES 
IN SALIVA AND PANCREATIC JUICE. | 


| [ 85 By J. A. GUIMARAIS}. 
13 (From the National Institute for Medical Research, London.) 
e eceived August 24, 1935.) 


I. Inrropvcrion. 


Ir has been shown by Demoor [1913] that dog's n by 
chorda stimulation has a pronounced secretagogue action when added to 
the fluid perfusing a submaxillary gland. He stated that chorda saliva 
contains “active substances” which are liberated in the gland by the 
nerve impulses. In Demoor’s Institute I was able to confirm his findings, 
and to investigate some of the properties of the secretagogue substances 
[Guimarais, 1930]. My experimental results may be summarized as 
follows: Dog’s parasympathetic saliva in doses of 1-4 c. c., undiluted or 
diluted in Locke’s solution, injected into the artery supplying the sub- 
maxillary gland of a dog, provokes a salivary secretion similar to or even 
Ae more rapid than that produced by chorda tympani stimulation. The 
_ salivary secretagogue substances are soluble in alcohol, are destroyed by 
( heating and have no zoological specificity, the same secretagogue effect 
: being obtained by injecting human or ox saliva into the submaxillary 
gland of the dog. Atropine, intravenously in a dose of 5 mg. or injected 
into the gland in a dose of 0-01 mg., inhibits the response of the gland to 
the secretagogue substances of the saliva [1932]. The establishment of 
ay a cetylcholine as the trasmitter of the parasympathetic impulses to the 
| salivary glands [Babkin, Gibbs and Wolff, 1932; Gibbs and Sze- 
löczey, 1932; Babkin, Alley and Stavraky, 1932; Beznak, 1932; 
Henderson and Roepke, 1933] has raised once more the question of 
the relations between chorda tympani stimulation and salivary secretion. 
a Recently Secker [1934], studying the depressor and secretory effects 
= 1 Rockefeller Foundation Fellow and Fellow of the Junta de Educagio Nacional, 
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induced by intravenous injections of saliva, concluded that 1 
in the saliva is responsible for such effects. This assumption, however, 
has been contested by Cattell, Wolff and Clark [1934] as regards 
sympathetic saliva, by Gibbs [1935] for parasympathetic saliva, and 
by Feldberg and Guimarais [1935] for both sympathetic and para- 
sympathetic saliva. Larson [1935], testing ultra-filtrates from saliva on 
cat’s blood-pressure, has shown that the different vascular effects are not 
due to acetylcholine or to adrenaline. In the present experiments I have 
been concerned with the study of the secretory effects induced by. saliva, 
- secreted in response to parasympathetic or to sympathetic stimulation, 
and with the possible relationship between salivary secretagogue and 
depressor substances. In order to ascertain whether the phenomena 
induced by saliva were peculiar to this secretion, I have made some 
experiments of the same kind with pancreatic juice. 


II. Mersops. 


Ihe saliva experiments were performed on cats and dogs, the pan- 
creatic juice experiments on dogs only. Cats were anesthetized with 
chloralose or “dial” (diallylbarbituric acid), and for dogs dial, a.c.z. or, 
more usually, ether were used. Chloralose or dial both seemed to be 
good ansthetics for the purpose in view, dial being perhaps slightly 

For the saliva experiments a tracheal cannula was inserted, fine glass 
cannule were introduced into both Wharton’s ducts, and the chorda 
tympani, the cervical sympathetic nerve and the vagus were cut on both 
sides. On the side to be used for arterial injections, every branch from 
the common carotid artery was tied except those supplying the sub- 
maxillary gland. The injections were then made by means of a glass 
cannula inserted into the central end of the lingual artery. During the 
injections the carotid artery was clamped just below the origin of the 
lingual artery, and the clamp was removed stated after an injection 
had been completed. 

The blood-pressure was e from the femoral artery. In the 
femoral vein of the opposite side a glass cannula was introduced for 
intravenous injections. — 

The saliva tested was collected either from the same animal, from 
the gland not chosen-for arterial injections, or, more usually, from an- 
other animal. In the latter case the saliva was sometimes used for 
experiment on the same day, at other times on the following day, being 
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kept meanwhile at —3°C. The chorda tympani or the cervical sym- 
pathetic were faradized with an induction coil, with 4 volts in the 
primary circuit, ordinary silver-wire electrodes being used. 
| In some experiments alcoholic extracts of cat’s parasympathetic and 
sympathetic saliva and dog’s parasympathetic saliva were used. The 
saliva was mixed, just after collection, either undiluted or after dilution 
to twice its original volume with water, with 6-10 times its volume of 
absolute or 96 p.c. alcohol, shaken for 1-2 hours, and then centrifuged. 
The supernatant alcoholic extract was taken and evaporated to complete 
dryness at low pressure and at room temperature. The dried extract was 
made up to the original volume of the saliva with distilled water and 
injected as such, or after having been diluted with 0-9 p.c. saline solution. 
If not used at once, it was kept in the cold room at —3° C. before making 
up. 

In one experiment a trichloroacetic acid extract of dog’s parasym- 
_ pathetic saliva was used. A 50 p.c. dilution of saliva in distilled water 
was mixed with an equal volume of 10 p. c. trichloroacetic acid, shaken for 
1 hour, filtered through filter paper, and shaken with three changes of 
ether, until it was only faintly acid to congo red paper. The solution was 
then taken to dryness by low-pressure evaporation, and the residue was 
prepared in the same way as the alcoholic extract. 

For arterial injections either of pancreatic juice or saliva into the 
pancreas, the method adopted was as follows. The coeliac artery was 
identified and the hepatic artery and its branches were exposed. All these 
branches were tied, with the exception of the gastro-duodenal artery 
which gives rise to the pyloric and pancreatico-duodenal arteries. The 
pyloric artery was then tied, leaving only the pancreatico-duodenal 
branch open. Into the central end of one of the hepatic branches, 
generally the left hepatic artery, a glass cannula was introduced for the 
injections. During the injection the main hepatic artery was clamped 
below the origin of the gastro-duodenal branch, and immediately after 
the injection the clamp was removed. The lower pancreatic duct was 
cannulated and the cannula prolonged to the exterior by means of a 
rubber tube ending in a glass tube, with an orifice giving 18-20 drops to 
1 0.0. of pancreatic juice. 

Pancreatic juice, for testing either on the pancreatic secretion or on 
the submaxillary gland secretion, was usually obtained by intravenous 
injection of secretin, prepared according to the original Bayliss- 
Starling method, and the pancreatic juice was injected either into the 
donor animal or; more usually, into another dog, after being kept in the 
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cold room at —3° C. for 24-48 hours. In one experiment the pancreatic 

juice was obtained by electrical stimulation of the vagus in the neck of a 

spinal dog, gastric juice being excluded from the duodenum by ligaturing 

the pyloric mucous membrane with a thread passed between it and the 
muscular coat of the stomach [Anrep, 1914]. 

Arterial blood-pressure from the femoral and the rate of secretion, in 
drops, by the submaxillary gland or by the pancreas, were recorded by 
the usual methods, 

The technique used for injections of pancreatic juice into the a 
maxillary gland was the same as that described for saliva injections. 
Throughout this paper the secretion produced by chorda tympani 
stimulation is referred to as “parasympathetic saliva’, and that produced 
by stimulation of the cervical sympathetic as “sympathetic saliva”. The 
pancreatic juice secreted after injection of secretin is referred to as 
‘secretin pancreatic juice”, and that obtained by vagus nerve stimula- 
tion as “vagus pancreatic juice”. 


III. EXPERIMENTAL RESULTS. 
(1) Saliva experiments. 

As shown by the authors quoted above, saliva does not contain 
acetylcholine, so that this cannot be the substance responsible for the 
secretory effect induced by arterial injection of saliva, Although it is 
possible that the salivary secretagogue substances are products of the 
glandular metabolism, transformed or made active by the chemical 
transmitters of the glandular nerves, these experiments give no support 
to the hypothesis. They show that if there is any relation between the 
transmitter and the salivary secretagogue substances, this must be 
applicable not only to the chemical transmitter of the impulses in the 
chorda tympani, but also to that of the sympathetic nerves. This is 
established by the results obtained by injecting, into a dog or a cat, saliva 
collected from a cat’s submaxillary gland, with the chorda tympani cut, 
under cervical sympathetic stimulation. This saliva acts similarly to the 
dog’s parasympathetic saliva. | 

The experiments concerning the possible identity of secretagogue 5 
depressor substances demonstrate that there is no correlation between 
secretagogue and depressor activity. 

(a) Arterial injections of sympathetic and parasympathetic saliva into 
the submawillary gland, Like dog’s parasympathetic saliva, cat’s sym- 
pathetic saliva, injected into the r of the dog’s submaxillary * 
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evokes salivary secretion. Amounts of 025-1 c.c. of cat’s sympathetic 
saliva, diluted with Locke's solution to a volume of 4 or 5.c., were 
introduced into the submaxillary gland of a dog. After a latent period 
varying between a few seconds and 2 min., the gland started secreting at 
a rate which closely resembles that observed when the chorda tympani is 
stimulated by a weak electrical stimulus. The volume of saliva secreted 
was roughly proportional to the quantity of saliva injected. The secretion 
usually stopped 10-15 min. after the end of the injection. The secretory 
effect was always preceded by a deep fall of the blood-pressure, greater 


Fig Dog, dial, B. . and salivary secretion: arterial injections. A =0-25 ¢.c. cat’s 
, sympathetic saliva; B=0-5 c. e. dog’s parasympathetic saliva. 


than that 1 e by parasympathetic saliva, and generally outlasting 
the secretory effect (Figs. 1 and 3). Similar effects to those described 
above were obtained by injecting, into the submaxillary gland of a cat, 
either sympathetic or parasympathetic saliva from the same or another 
cat (Fig. 2), or parasympathetic saliva from a dog. The secretion evoked 
from the cat, however, was always much less than that produced when 
the same amount of the same sample was tested on the dog's sub- 
maxillary gland. 

The secretagogue substances do not seem to be quickly destroyed in 
the blood. Sometimes, three or more minutes after the injection of saliva — 
into one gland, the gland of the other side also secretes some drops of 
saliva. This is shown in the experiment illustrated by Fig. 1, in which the 
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secretion of the injected gland i is marked on the upper line 45 that of the 
control gland on the lower line. 

No proportionality was found between the secretory and depressor 
effects, either with cat’s sympathetic saliva or dog’s parasympathetic 


Fig. 2. Cat, dial, B. F. and salivary secretion: arterial injection of 0-4 c. c. cat's 
parasympathetic saliva (4) and 0-5 c. c. cat’s sympathetic saliva, (B). | 


Fig. 3. Dog, dial, B. r. and salivary secretion: arterial injection of 1 o. o. dog’s 
parasympathetic saliva (A) and 1 c. o. of cat’s sympathetic saliva (B). 


saliva. Arterial injections of saliva into cats and dogs may cause a large 
fall of blood-pressure with a weak secretory effect, or a small fall with a 
strong secretion. Furthermore, parasympathetic saliva, the depressor 
action of which is usually much weaker than that of sympathetic * 
may evoke the * secretion (Fig. 3). 5 
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(b) Alcoholic and trichloroacetic extracts of saliva. These experiments 


give no evidence of differences between the depressor and the secreta- 
gogue substances, showing that they are equally soluble to a small degree 
in strong alcohol. Alcoholic extracts of cat’s sympathetic saliva and dog’s 
parasympathetic saliva, and trichloroacetic extracts of dog’s parasym- 
pathetic saliva, were tested on the cat’s blood-pressure. The trichloro- 
acetic extracts were completely ineffective, even in amounts correspond- 
ing to 1 ¢.c. of the original volume of the saliva. The alcoholic extracts 
caused a fall of pressure, but much less than that of an equivalent volume 
of saliva. If undiluted saliva had been used for alcoholic.extraction, the 
depressor action of the extracts obtained was only about one-twentieth 


Fig. 4. Dog, dial, B. r. and salivary secretion: effects of arterial injection of saliva and 
acetylcholine into the submaxillary gland; A =0-4y acetylcholine; er acetyl- 
choline added to 1 0. o. of saliva. 


of that of the original saliva; if it had been diluted with water before 
precipitation, the depressor action was even weaker. 

Tested at the same time on the submaxillary secretion and blood- 
pressure of a dog, the alcoholic extract of dog’s parasympathetic saliva 
provoked salivary secretion and a fall of blood-pressure, but both were 
less pronounced than those produced by saliva itself. In one experiment, 
for example, the gland secreted 16 drops during 4 min. when 5 C. c. of 
a 25 p.c. dilution of parasympathetic saliva were injected into the gland 
artery. The injection of the alcoholic extract corresponding to the same 
amount of saliva, equally diluted, failed to evoke any depressor or 
secretory effect. Greater volumes were injected afterwards with poor 
results—very slight fall of pressure and a few drops of secretion. Only 
the injection of alcoholic extract corresponding to 5 C. c. of the original 
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saliva produced a noticeable secretion, 10 eas in 18 min., but the 
depressor effect was rather small. 

le) Suggested antagonism to acetylcholine. Gibbs [1935], with the 
other authors above quoted, found evidence against the suggestion that 
the depressor constituent of parasympathetic saliva is acetylcholine. He 
further stated, however, that arterial injection of such saliva into a cat's 
submaxillary gland causes no secretion by itself, and even antagonizes 
the secretory effect of acetylcholine mixed with it. On these latter 
points my own evidence gives no support to Gibbs’s statement, though 
confirming his main contention that the saliva contains no acetylcholine. 
I have shown above that the cat’s submaxillary gland gives a secretory 
response to injection of saliva similar to, though weaker than that 
described by Demoor and by myself in the dog. Fig. 4 gives evidence 
that saliva does not, antagonize the secretory effect of acetylcholine in a 
dog, and I have not found evidence of such antagonism in the less re- 
— gland of the cat, which Gibbs used in his experiment. 


(20 Pancreatic juice experiments. 


Similar phenomena to those produced by injecting saliva into the 


submaxillary gland may be obtained by injecting pancreatic juice into 
the pancreas. Pancreatic juice obtained either under influence of intra- 
venous injections of secretin, or under vagus nerve stimulation, if injected 
into the pancreas through its artery, evokes pancreaticsecretion. Further- 
more, like saliva, pancreatic juice, injected arterially or venously into a 
dog or a cat, causes a pronounced fall of the arterial pressure. This de- 
pressor action, when tested on the cat’s blood-pressure, is not abolished 
by atropine, but it is removed by boiling the diluted pancreatic juice. 
The secretagogue and depressor substances of the pancreatic juice 
seem to act in the same way as those of the saliva, but much greater 
amounts of pancreatic juice are required to produce effects quantitatively 
comparable to those of the saliva. It will be seen that, although their 
effects on their glands of origin are similar, the pancreatic and salivary 
secretagogue substances are different and specific. No differences have 
been detected between the depressor substances of the two secretions. 
They might be identical, quantitative differences between pancreatic and 
salivary depressor effects being se eg by weaker concentration in the 
pancreatic juice. 
(a) Injections of secretin juice into the punoreus. Amounts 
varying between 1 and 4 C. c. of dog’s pancreatic juice, produced by 
intravenous administration of secretin, were injected arterially into the 
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pancreas either of the donor animal or of another dog. 1 or 2 min. after 
the injection the gland began to secrete with a frequency of 1-2 drops 
per minute, and stopped secreting about 8-10 min. later (Fig. 5). Just 
before the onset of secretion there was a rapid fall of blood-pressure to a 
low level, which in some experiments recovered so as to reach its original 
level after some 2 or 4 min., and in others outlasted the secretory effect. 


Fig. 5. Dog, ether, B. r. and pancreatic secretion: effect of arterial injection into the 
pancreas of 4 0. o. of secretin pancreatic juice. | 5 


Fig. 6. Dog, ether, B. P. and pancreatic secretion: effect of arterial injection into the 
| pancreas of 3 c.c. of vagus pancreatic juice. . | 


Further injections of the same amount of secretin pancreatic juice still 

evoked pancreatic secretion, but in less quantity; the depressor effect, 
however, was as great as that following the first injection, while the 
recovery of the blood-pressure was generally more delayed. 

If the injections were given intravenously, even in an amount greater 
than that sufficient to provoke pancreatic secretion when injected arteri- 
ally into the pancreas, no pancreatic juice was secreted, but the animal 
still responded with a fall of blood-pressure. 98 
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(b) Injections of vagus pancreatic juice into the pancreas. Pancreatic 
juice obtained from a dog by stimulation of the vagus nerve showed, 


when injected into the pancreas of another dog; secretory and depressor 


effects similar to those produced by the injection of secretin pancreatic 
juice. The secretory effect was, however, stronger, the latent period 
shorter, and the secretion greater in amount and more rapid than that 
evoked by secretin pancreatic juice. Fig. 6 shows the effect of the in- 
jection of 3 c.c. of vagus pancreatic juice into the pancreatic artery. The 


Fig. 7. Dog, A.C.E., B. . and salivary secretion: comparative effects of arterial injection of 
saliva and pancreatic juice into the submaxillary gland. A and C=4 c. c. of dog’s 
parasympathetic saliva, 25 p.c.; B=4 0. c. of secretin pancreatic juice, 25 p. c. 


weakness of the depressor effect may possibly be due to the lower blood- | 


pressure. 

(c) Injections of saliva into the pancreas and pancreatic juice into the 
submaxillary gland. The similarity between the effects, obtained with the 
arterial injection of each juice into its own gland of origin, might lead one 
to suspect that both contained a common secretagogue substance. The 
following experiments, however, show that this is not the case. Injections 
of 1-3 c. c. of secretin pancreatic juice, either undiluted or diluted with 
Locke’s solution, were made into the submaxillary gland, using the usual 
method. A deep fall of the blood-pressure followed the injections, but no 
salivary secretion was evoked. Fig. 7 illustrates one of these experiments 
in which 4 C. 0. of a 25 p.c. solution of dog’s parasympathetic saliva were 


v 
— 
— 
. 
és ) 
x 
2 
. Ps 
{ a 
4 
q 
F. 
7 
a4 
E 
1 
2 <4 2 
a 
, 3 
** * 
a 
% 
4 33 
. 
* 
. 
* 
„ 
Ky, 
* 
2 ag 
. 
2 
> 
ag 
— 
hag 
fe 
57 
* 
7 
WW 


ACTIVE. SUBSTANCES IN SALIVA. 105 
similarly injected, before and after the injection of an equal amount of 


_ pancreatic juice. Both injections of saliva provoked a good secretion, — 


41-42 drops, while that of the pancreatic juice was ineffective. Still 
larger amounts of secretin pancreatic juice were injected into the same 
gland, without any effect on secretion. The same negative results were 
obtained. by injecting saliva into the pancreas. No pancreatic secretion 
was evoked when 1-4 c. o. of diluted or undiluted dog’s parasympathetic 
saliva were injected, although secretin pancreatic juice in the same 
amounts produced secretion. In some of these experiments, however, 
when 3 or 4 ¢.c. of undiluted saliva were injected, the pancreas secreted 
2 or 3 drops, several minutes apart—a trivial effect, in no way — 
to that following the pancreatic juice injection. 


Fig. 8. Cat, dial, BP. effects of intravenous injection of: A and DI e. c. secretin pan- 


creatic juice, 10 p.c.; B=0-05y acetylcholine; CI o. e. secretin pancreatic juice, 
10 p. o. boiled; H =0-ly acetylcholine. Between C and D=2 mg. atropine. 


(d) Seoretin pancreatic juice tested on the cat’s blood-pressure. As has 


been shown, secretin pancreatic juice, like saliva, when injected arterially 


has a potent depressor action. A similar but stronger effect is obtained 
when the pancreatic juice is injected intravenously, into a cat under 
chloralose or dial anesthesia. Although this depressor effect resembles 


closely that produced by saliva, the depressor substances seem to be in 


weaker concentration in the pancreatic juice; nevertheless, amounts as 
small as 0-05-0-1 ¢.c. are nee to provoke a considerable fall of 
pressure. 

The depressor substances are completely destroyed by boiling for 
5 min., whether the pancreatic juice is acidified or not. Its effect is not 
abolished by previously injecting 2 mg. of atropine, which shows that 
here, as with saliva, acetylcholine cannot be responsible for the — 


‘Tas = — * ‘nd 
; 
— 
* 
2 
— 
oa 
17 
7 
4 
4 
K 
* 
é 
a 
mts 
4 
> + 
2 
* 
. 
+ ag 
7 
2 
¥ 4 
* 
— 
41 
* 
— 
* 
** 
«J 
. 


106 J. A. GUIMARAIS. 


effect. Fig. 8 shows the comparative effects on the cat’s blood-pressure of 
injections of pancreatic juice and acetylcholine, before and after the 
administration of 2 mg. of atropine, and also the inactivation of the 
— juice by heating. | | 


IV. 


The experiments here reported reinforce the conclusions reached by 
Feldberg and myself, that the secretagogue substance of saliva is not 
acetylcholine, and is not identical with the depressor substance of saliva. 
They throw no additional light on the chemical nature of the secreta- 
gogue, but they make it clear that it is specific to the gland from which 
it is produced. The pancreatic juice contains a depressor substance, 
which is very similar to, and may even be identical with that of saliva; 
but it also contains a stimulant of pancreatic secretion which has no 
effect on the salivary gland, while saliva stimulates salivary secretion, 
but has practically no secretagogue action on the pancreas. In the case 
of the pancreas, it can further be shown that the formation of this 
specific excitatory substance is not dependent on stimulation through the 
nerve supply, and is therefore not in any way associated with a chemical 
transmitter of nervous effects. The juice produced by direct hormonal 
stimulation of the pancreatic gland cells with secretin, and without 
nervous intervention, contains the pancreatic secretagogue; and the fact 
that such juice is weaker in this respect than that produced by vagus 
stimulation may properly be attributed to the generally more dilute 
nature of the secretin juice. 

It seems safe to assume that the secretagogues present in saliva and 
pancreatic juice come from the secretory cells of those glands, which, 
when applied through the circulation, they specifically stimulate to 
further secretion. It seems natural, then, to suggest that they are already 
present i in the resting cells in an inactive form, and that their liberation, 
in response to the stimulus of chemical transmitters (acetylcholine and 
sympathin) of stimulant alkaloids such as pilocarpine, or of a hormone 
(secretin), is the first and determinant event in the process of secretion. 
The evidence does not seem to justify any more precise formulation of 
their nature or their function. It was suggested some years ago, by Dixon 
and Hamill [1909], that secretin produced its action by combining with 
a “protrypsinogen”, present in the resting pancreatic cell, to form 
trypsinogen, and that the appearance of trypsinogen directly caused the 
secretory activity. Such a conception has some relation to that outlined 
above, but it assumes that the secretagogue is formed by the combination 
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of the hormone with the precursor, and that it is identical with one of the 
enzyme constituents of the secretion. There does not appear to be 
adequate evidence for either assumption; the known facts are that the 
secretagogue appears, as a constituent of the fluid secreted in response to 
any effective stimulus, nervous, hormonal or alkaloidal, which we have 
been able to apply. It may eventually prove, in one case or the other, to 
be identical with one or more of the already known constituents specific 
to the particular secretion; the solubility and thermolability of the 
secretagogue do not exclude such a possibility; but there is, as yet, no 
positive evidence to support it. 

One set of observations deserves further mention, though their 
meaning is not by any means clear, namely those on the effects of atro- 
pine. In doses so small that, while rendering the salivary gland insensitive 
to parasympathetic stimulation, and to acetylcholine, they scarcely 
affect its response to sympathetic stimulation or adrenaline, atropine 
appears to annul the secretory effect of arterially injected saliva. Such an 
effect could easily be made a basis for the suggestion of some direct 
connection between the parasympathetic transmitter (acetylcholine) 
and the salivary secretagogue. Feldberg and I, however, as well as 
Gibbs, have shown that the other properties of the secretagogue -are 
entirely opposed to any such suggestion. For the present it can only be 
noted as a fact, that atropine readily renders the secreting cells insensitive 
to this constituent of their own secretion, when it reaches . from the 
exterior, — the circulation. 


V. Summary. 


1. Like parasympathetic saliva, sympathetic saliva contains secreta- 
gogue substances to the submaxillary gland. 

2. The secretagogue and depressor constituents of the saliva are not 
identical. 

3. Though effective, the saliva alcoholic extracts show rather weaker — 
secretagogue and depressor actions than those of saliva itself. 

4. Dog’s pancreatic juice, obtained either by injecting secretin or by 
vagus stimulation, contains substances exciting pancreatic secretion. The 
secretagogue action of the more concentrated pancreatic juice obtained 
by vagus stimulation is stronger than that « the more dilute juice 
secreted in response to secretin. 

5. Pancreatic juice has no secretagogue action on the — 
gland, and saliva has practically none on the pancreas. 
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6. Pancreatic juice contains depressor substances which show the 
same properties as those contained in the saliva: their action is not 
abolished by atropine and they are destroyed by heating. 

7. The functional significance of these secretagogues is discussed. 


I desire to make grateful acknowledgment to the Medical Research Council for hospi- 
tality, and to Sir Henry Dale for his constant help, by advice and suggestion, during the 
course of the experiments, and in the presentation of their results. My thanks are also due 
to Dr G. L. Brown for help in the preperation of this paper. | 
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THE EFFECT OF ANTITHYROTROPIC SERUM ON THE 
THYROID GLAND OF GUINEA-PIGS TREATED | 
WITH THYROTROPIC HORMONE. 


By E. F. SCOWEN (Baly Research Scholar) 
ann A. W. SPENCE. 


From the Medical Unit, St Bartholomew’s Hospital, London.) 
(Received August 28th, 1935.) 


THE production of hyperplasia of the thyroid gland together with increase 
of the metabolic rate by means of extracts of the anterior pituitary has 
been reported by numerous observers. Investigators have also shown 
that, in spite of continued injection of the thyroid-stimulating extract, 
regression of the activity of the thyroid subsequently occurs, as evidenced 
by involution of the gland to the colloid state and a fall in the metabolic 
rate to a normal or.subnormal level. Collip and Anderson [1934] have 
shown that if the injections are continued over a prolonged period, the 
metabolic rate of the normal rat may fall as low as that of the hypo- 
physectomized animal. They made the further observation that serum 
from these thyrotropic resistant rats not only prevents the increase of 
metabolism, but causes a fall below normal, in rats and guinea-pigs 
receiving at the same time injections of the thyrotropic hormone. Serum 
from a mare, which had been given daily intravenous injections of thyro- 
tropic hormone for 6-8 weeks, depressed the metabolism of normal rats 
receiving no thyrotropic hormone, and prevented the rise in metabolism 
of normal and hypophysectomized rats receiving injections of thyrotropic 
hormone [Anderson and Collip, 1934]. Normal rat serum and normal 
horse serum had no such inhibiting effect. 

Anderson and Collip found, however, that although the anti- 
thyrotropic serum had no effect on the action of thyroxine, and although 
there was depression of the metabolic rate of animals receiving both 
thyrotropic hormone and anti-thyrotropic serum, the thyroid glands of 
these animals still showed evidence of hyperplasia. Scowen and Spence 
[1934] performed similar experiments to determine the action of anti- 
thyrotropic serum on the histology of the thyroid gland of guinea-pigs 
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receiving thyrotropic hormone. A rabbit, aged 8 months, was given 
subcutaneously 8 c.c. of a thyroid-stimulating extract of anterior pi- 
tuitary daily for 6 weeks. It was found that at the end of this period the 
daily subcutaneous injection of 2 c.c. of its serum entirely prevented the 
occurrence of thyroid hyperplasia in guinea-pigs receiving at the same 
time daily intraperitoneal injections of 1 c.c. of active anterior pituitary | 
extract. 

We have since repeated these observations with further batches of 
animals, and have compared the action of sera from normal rabbits and 
from rabbits treated for a prolonged period with thyrotropic hormone on 
the histology of the thyroid gland of guinea-pigs receiving thyrotropic 
hormone. | 

: EXPERIMENTAL PROCEDURE. 


Acid extracts of anterior pituitary powder (Armour) were prepared 
after the method of Loeb and Bassett [1930] [Scowen and Spence, 
1934]. Daily intraperitoneal injections of 0-5 or 1 c.c. of this extract for 
4 days into guinea-pigs weighing about 250 g. give rise to marked 
hyperplasia of the thyroid gland. We used the rabbit for the production 
of antithyrotropic serum, because it was impracticable for us to attempt 
to use a large animal, such as the horse, for this purpose. 


Results with normal rabbits’ serum. 


Serum was obtained by bleeding from the marginal vein several 
adult rabbits weighing about 3 kg., and was kept in a refrigerator at 0° C. 
Twelve guinea-pigs, weighing between 200 and 300 g., were injected daily 
for 4 days with anterior pituitary extract intraperitoneally and with 
serum subcutaneously. Three received a daily dose of 0-5 c. o. of extract 
and 1 c.c. of serum, three 0-5 c. c. of extract and 2 C. c. of serum and six 
lc.c. of extract and 2¢.c. of serum. Of eight control guinea-pigs five 
received a daily dose of 0-5 c. c. and three of 1 c. c. of extract only. 

As the central zone of the guinea-pig’s thyroid gland frequently shows 
some degree of hyperplasia normally, the degree of hyperplasia was 
judged by studying the intermediate and external zones. At the end of 
4 days all the controls, which had received anterior pituitary only, showed 
marked hyperplasia of the thyroid gland, the cells being columnar in 
character and the vesicles lacking in colloid. Of the twelve animals which 
had received serum in addition to thyrotropic hormone, the thyroids of 
six were within normal limits, showing little or no hyperplasia in the 
intermediate and external zones, and those of the remaining six showed 
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wil to marked hyperplasia (Table I). There appeared to be little 
correlation between the degree of hyperplasia and the doses of extract 
and serum which the animals received. 


Tan I. Showing the effect of normal rabbits’ serum on the thyroid of guinea-pigs 
receiving anterior pituitary extract. (Period of injections: 4 days.) 


Daily dose 
of anterior 
pituitary Daily dose of thyroid 
Animal Initial 00 beuta- Final Histology 
- (su 
No. Sex wt. (g.) neal)(c.c.) neous)(c.c.) wt. (g.) ) 
203 F. 217 0-5 1-0 208 
195 0-5 1-0 180 ~ 
228 M. 293 0-5 1-0 275 31 — 
206 F. 222 0-5 2-0 243 56 +++ 
2209 M. 278 0˙5 2-0 252 48 — 
230 M. 265 0-5 2-0 250 36 ++ 
358 F. 243 10 2-0 253 51 -+ 
359 M. 205 1-0 2-0 220 54 + 
360 M. 250 1-0 2-0 252 53 + 
361 M. 250 1-0 2-0 259 55 + 
362 M. 245 1-0 2-0 247 49 — 
363 M. 230 1-0 2-0 241 43 — 
200 M. 217 0-5 Nil 228 64 +++ 
201 M. 368 0-5 Nil 372 73 +++ 
202 F. 215 0-5 Nil 210 46 + + 
226 F. 260 0-5 Nil 272 58 +++ 
226 M. 242 0-5 Nil 222 45 ++ 
370 M. 263 1-0 Nil 288 51 ++ 
371 F. 223 1-0 Nil 251 51 +++ 
372 M. 270 1-0 Nil 276 51 ++ 


-~=noh + = moderate hyperplasia. 


Although these results with normal rabbits’ serum lack uniformity, 
we have found in the past that the doses of anterior pituitary extract used 
in the present experiment have produced a considerable degree of 
hyperplasia in practically 100 p.c. of a large number of guinea-pigs. It is 
concluded therefore that normal rabbits’ serum inhibits to a certain 
extent the action of the thyrotropic hormone, in that in 50 p.c. of the 
test animals it prevented the occurrence of hyperplasia wake? is other- 
wise produced by the hormone. 


Results with the serum of rabbits treated for a prolonged 
| period with thyrotropic hormone. 


Three adult rabbits were given daily subcutaneous injections of 8 e. o. 
of anterior pituitary extract. After 5 weeks of this treatment their serum 
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Taste II. Showing the effect of the serum of rabbits injected with 8 c.c. of anterior pituitary extract daily 


“for a prolonged period on the thyroid gland of guinee-pigs receiving at the same time anterior 


extract. (Period of injections: 4 days.) 


No. Sex 
191 M. 277 
192 M. 
193 NI. 
194 M. 
195 M. 
17 
178 M. 
197 F. 
198 F. 
199 F. 
Controls: 
239 M. 
240 M. 
241 . 
242 M. 
243 M. 
244 M. 212 


— 2 no h 


of (intraperito- (eubeuta- Fina! Wt. Histology 
wt. (g.) rabbit neal) (c.c.) neous, (o. c.) wt. (g.) (mg.) (hyperplasia) 


Daily dose 
of anterior 
: pituitary Daily dose Condition of thyroid 
eriod of extract of serum 7 A 


5 weeks 0-5 1-0 252 36 — 
” 0-5 10 243 50 2 
0-5 250 42 ~ 
50 0-5 2-0 228 30 — 
in 0-5 2-0 245 35 ~ 
6 weeks (10 2-0 240 30 — 
5 1-0 2-0 335 30 — 
3 months 1-0 2-0 235 37 + 
5 1-0 2-0 295 33 — 
a 1-0 2-0 190 42 —+ 
0-5 Nil 275 55 +++ 
0-5 Nil 268 70 +++ 
0-5 Nil 282 61 ++ 
0-5 Nil 210 49 ++ 
0-5 Nil 242 49 +++ 
0-5 Nil 185 +++ 


hyperplasia. — 
slight — Within normal limite. moderate 


Fig. 


+ + =moderate-marked hyperplasia. 
+ + +=marked hyperplasia. 


Fig. 1. Scion showing hyperplasia ofthe thyroid gland of gine pig inetd dl fo 


4 days with 1 0. o. of anterior pituitary extract. 


Fig. 2. Section ofthe tiyroid gland of » guince-piginjocted daly for 4 days with I of 
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daily{ was injected subcutaneously in daily doses of 1 and 2 c.c. into six guinea- 
itary] = pigs, weighing about 250 g., and receiving at the same time 0-5 C. C. of 

4 anterior pituitary extract intraperitoneally. After 4 days treatment, in 
= four animals there was no evidence of thyroid hyperplasia and in two the 
5 _ glands were slightly hyperplastic, but within normal limits. The thyroids 
as olf all the control animals, which had received for the same period the same 
4 dose of anterior pituitary extract, but no serum, showed a meetin 
degree of hyperplasia (Table II). 

Three guinea-pigs receiving daily 1 c. c. of anterior pituitary extract 
were then given at the same time 2 c.c. of serum from rabbits treated for 
6 weeks with thyrotropic hormone. After 4 days the thyroid glands of 
these animals were normal in every respect, whereas those of the controls, 
AS which had received 1 c. c. of the extract only, showed marked hyperplasia 
1 8 (Figs. 1 and 2). Serum from rabbits which had received thyrotropic 


hormone for 3 months gave almost similar results, but the effect was not 
: quite so marked (Table II). 
Results with human serum. 
+ 


Similar experiments have been performed with normal human serum, 
and the conclusion is drawn that this has a slight but definite anti- 
thyrotropic property, as judged by the histology of the thyroid of the test 


TaL III. Showing the effect of normal human serum and of the serum from two patients with Graves’ 
disease on the thyroid of guinea-pigs receiving at the same time anterior pituitary extract. 1 of 


injections; 4 days.) 
Daily dose 
of anterior 
_ pituitary Daily dose Condition of thyroid 
extract of serum A ~ 
Animal Initial Donor of lintraperito- (subeuta- Final Wt. Histology 
No. Sex wt. (g.) serum neal) (o. e.) neous) (c.c.) wt. (g.) (mg.) (hyperplasia) 
36⁴ M. 240 Normal 1-0 | 2-0 252 79 +++ 
365 M. 242 75 1-0 2-0 240 43 — 
ö 366 F. 200 8 10 2-0 201 44 + 
367 M. 230 mm 1-0 2-0 244 43 -—+ 
368 F. 225 4 1-0 2-0 234 47 — 
369 M. 240 1 1-0 2-0 250 39 ++ 
8 185 M. 287 Graves’ 0-5 - 20 276 50 ++ 
disease (A) 
186 M. 240 1 0-5 2-0 208 47 ++ 
187 M. 285 8 0-5 20 255 53 ++ 
188 NM. Graves 0˙5 20 116 60 +++ 
disease (B) 
189 M. 287 Boe 0-5. 2-0 250 39 +++ 
M. Pi 0-5 2-0 243 47 +++ 


: -=no + =moderate hyperplasia. 
aight Within normal limits. + + =moderate-marked hyperplasia. 
| ++ +=marked hyper lasia. 
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animals. Serum from two cases of Graves’ disease had no antithyro- 
tropic effect: the thyroid glands of all the test animals receiving at the 
same time thyrotropic hormone showed marked hyperplasia (Table III). 


Discussion. 


Brow these results we feel that we can confirm the finding of Collip 
and Anderson that the serum of animals receiving thyrotropic hormone 
over a prolonged period is rich in a substance inhibitory to the action of 
the thyrotropic hormone. However, our conclusion is drawn not from a 
study of the effect of the serum on the metabolic rate, but from its action 

on the histology of the thyroid gland. In this respect our results differ 
from theirs, in that we have found little or no evidence of thyroid 
hyperplasia in our test animals receiving antithyrotropie serum. , 
Ihe question naturally arises as to what mechanism underlies the 

production of the antithyrotropic substance. Anderson and Collip 
[1934] have shown that it is not produced by the pituitary gland, for the 
hypophysectomized rat responds similarly to the normal animal when 
injected with thyrotropic hormone. Scowen and Spence [1934] ob- 
served that although the initial hyperplasia of the thyroid glands of the 
majority of guinea-pigs injected with anterior pituitary extract for a 
prolonged period involuted to the colloid state during treatment, a 
certain percentage of the glands remained hyperplastic even when the 
injections were continued daily for 93 days. The suprarenal enlargement 
- which frequently occurs after injections of anterior pituitary extract was 
found in these experiments to be usually greatest in those animals whose 
thyroids had involuted, and least in those whose thyroids remained hyper- 
plastic. The enlargement was confined more to the cortex than the 
medulla. This finding raises the question whether the antithyrotropic 
substance is produced by the cortex of the suprarenals, and from the work 
of Marine and Baumann [1921, 1922a, b,c] on the interrelations of the 
thyroid gland and suprarenal cortex it is one not lightly to be put aside. 

It can be stated definitely that it is not cortin which is responsible for 
the antithyrotropic effect, as we have found that this substance in no 
way diminishes the thyroid hyperplasia produced in guinea-pigs by 
thyrotropic hormone. Six guinea-pigs weighing about 300 g. were given 
daily intraperitoneal injections of 0-5 c.c. of anterior pituitary extract 
for 4 days and at the same time daily subcutaneous injections of 0-4 c.c. 
of cortin, equivalent to 20 g. of fresh gland. The thyroids of all showed 
considerable hyperplasia. We have also found that crude saline, acid and 
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alkaline extracts of fresh suprarenal cortex (ox) do not produce any 
significant diminution of thyroid hyperplasia in guinea-pigs receiving at 
the same time thyrotropic hormone. 

It. has been suggested by Max, Schmeckebier and Loeb [1935] 
that the development of the antithyrotropic substance may be caused 
primarily by the injection of the foreign protein which forms part of the 
anterior pituitary hormone rather than by the injection of the hormone 
itself, and that the neutralizing effect on the thyrotropic hormone is 
therefore of an indirect nature. A similar suggestion has been made by 
Smith [1935], who points out that the hypophysial extracts which have 
been used have been prepared from animals of one species—the ox—and 
that these extracts are not protein free; that there is thus the possibility 
that the regression of thyroid activity during continued administration 
of thyrotropic hormone is due to a linkage of the hormone to proteins 
with the consequent production of antibodies which might not be 
produced by crystalline hormones. He points out that no one has as yet 
reported whether the action of an extract from donors of one species, such 
as the hog, sheep or horse, would be prevented by the previous injection 
of a similar extract from another species. 

As yet it is impossible to answer this question with any degree of 
certainty. However, there is some slight evidence against the anti- 
thyrotropic substance being in the nature of an antibody. We have 
shown above that normal rabbits’ serum and normal human serum have 
a slight but definite antithyrotropic effect. It is unlikely that antibodies 
are formed against the organisms’ own hormone or against its own pro- 
teins which may perhaps be linked with the hormone. Herold [1934] 
has found that a lipoid extract of norma] human blood, which would 
have to contain Anselmino and Hoffmann’s antithyroid substance, 
also counteracts the action of the thyrotropic hormone, but that this 
effect cannot be obtained with an extract of the blood of patients suffering 
from Graves’ disease. Eitel and Loeser [1934] have reported that the 
blood of normal sheep contains an antithyrotropic substance, but de 
Fremery [1935] has been unable to produce antithyrotropic substance 
in the sheep even after prolonged treatment with thyrotropic hormone. 
Further, Anderson and Collip [1934] have shown that antithyrotropic 
serum from the horse will depress the metabolism of normal rats and that 
protein-free extracts of antithyrotropic serum can be prepared. 

These facts incline us to the view that the antithyrotropic substance 
is a hormone and not an antibody formed against a foreign protein. 
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SUMMARY. 


1. The serum of rabbits which had been injected with a thyroid- 


stimulating extract of anterior pituitary (ox) daily for 5 and 6 weeks 

prevented the occurrence of hyperplasia of the thyroid gland of guinea- 

pigs receiving at the same time injections of anterior pituitary extract. 
2. Normal rabbits’ serum and normal human serum had a slight anti- 


thyrotropic action. Serum from patients with Graves’ disease had no 5 


antithyrotropic effect. 

3. The mechanism underlyin g the formation of the antithyrotropic 
substance is discussed; it is concluded that the substance is probably a 
hormone rather than an antibody. 
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ELECTRICAL STUDIES ON THE 
FROG’S LABYRINTH. 


* 


By D. A. ROSS. 
(From the Physiological Laboratory, Cambridge.) 
7 (Received September 16, 1935.) 


THE investigation of the vestibular organs has hitherto been carried on 
largely by methods in which the experimenter observes changes in the 
character of the equilibrial reflexes resulting from operative interference 
with the internal ear. The present communication deals with an attempt 
to investigate the matter in greater detail by means of the somewhat 
more direct electrical method, in which the action potentials set up in 
the auditory nerve by the vestibular receptors are recorded and studied. 

The choice of a suitable experimental animal was an unusually wide 
one, for the principal—and probably the only—equilibrial receptors 
found in the mammalian ear (i.e. the utricular macula and the criste 
of the three semicircular canals) occur almost entirely throughout the 
vertebrate phylum, and there seems to be no reason to suppose that 
their respective mechanisms differ fundamentally from one group to the 
next, especially in the case of the canals. For tilting and rotation experi- 
ments, however, the advantages of a small animal are self-evident, and 
the frog proved to be a satisfactory subject for a number of additional 
reasons. Its possibilities had been tried out by Dr W. J. McNally and 
the writer during the summer of 1934, and isolated preparations of the 
head had been found convenient to handle and to retain their activity 
for some 2 or 3 hours in the absence of the circulation. Moreover, the 
reflex equilibrial responses of the frog, both normal and after labyrinthine 


lesions, had been exhaustively studied [see McNally and Tait, 1933; 


and Tait and MeNally, 1934], so that much was already known about 

the functions of its various balancing receptors. This, as will be seen 
below, was of fundamental importance. 

Working with « Royal Society of Canada Fellowship. 
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APPARATUS. 


_ The recording apparatus consisted of the standard four-stage R. C. C. 
amplifier and pentode system driving a Matthews moving-iron oscillo- 
graph. The usual _accessories—loud-speaker and viewing screen—were 
used, and records, when required, were taken on 35-mm. Ciné bromide 
paper. The sensitivity of the amplifier was varied widely from one experi- 
ment to another, as the size of the action potentials depended, among 
other things, upon the fineness and active length of the nerve filament 


Fig. 1. The moist chamber, set up in position on the apparatus 
for tilting or rotatory stimulation. 


being used; but the deflections in the original records commonly repre- 
sent something of the order of 40 microvolts per centimetre. As no 
emphasis was to be laid on either the absolute size or shape of the action 
potentials, the time constant of the amplifier was kept small in order 
to minimize displacement of the base line resulting from contact and 
capacity effects incurred by the mass movement of the preparation and 
portions of the leads. Such behaviour of the base line where it appears 
in the records is, of course, not to be interpreted as having physiological 

The right-hand half of the frog’s head was set up inside a moist 
chamber. The latter consists of a small block of hardwood (8 x 5 x 2·5 om. ), 
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excavated from one of its flat sides, as shown in Fig. 1. It may be 
supported by either of two metal rods—one in the bottom and the other 
(rubber-covered) in the side. To the floor of the chamber a small piece 
of cork is cemented, serving as a base to which the frog-head preparation 
may be pinned. In its roof are two holes to permit the entrance of the 
glass tubes which carry the electrodes. The holes are large enough to 
leave the tubes considerable freedom of movement. On top of the block 
are two terminals for the attachment of the lead wires. The whole box 
is thoroughly impregnated with paraffin wax. A light, hard-rubber cover 
(in the foreground of the photograph) is provided to close off the front 
face of the box when the preparation is ready. It is held in place by 
vaseline spread on the box. Aqueous saturation of the air inside the 
chamber is accelerated by the presence of three pieces of sodden sponge, 
one behind the preparation and one on either side. The photograph 
shows the preparation box without the sponges, and with a piece of 
white filter paper inserted at the back of the chamber. 

The rest of the apparatus shown in Fig. 1 was designed to permit 
stimulation of the labyrinth either by tilting or by rotation in a hori- 
zontal plane. In order to avoid complications resulting from translatory 
motion and centrifugal force, provision was made to have the labyrinth 

placed approximately at the point of intersection of the horizontal and 
vertical axes of rotation. Arrangements were also made so that the head 
of the frog (which faces the left-hand wall of the chamber) could be made 
to face in any desired compass direction relative to the horizontal axis, 
so that by suitably orienting the box one could carry out a tilt in any 
vertical plane, whether antero-posterior, lateral or diagonal. Set-screws 
were provided for both the horizontal and vertical axes in order that 
movement about one could be prevented during investigation of the 
effects of rotation about the other. 

It will be seen from the figure that by suitably 1 the horizontal 
axis and the pivot which attaches the preparation box, one may use 
horizontal rotation to stimulate either of the two vertical canals in its 
own plane. For example, if one wishes to bring the plane of the anterior 
canal into the horizontal position, one turns the preparation box through 
45° to the left (from its position in the photograph) and then tilts it 
through 90° to the right about the horizontal axis. Counter-clockwise 
rotation of the apparatus at its basal joint will now cause the anterior 
canal to rotate, in its own plane, in such a direction that the ampullary 
end of the canal leads the longer and narrower portion. According to 
current opinion this should stimulate the nerve endings in the crista, 
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whereas clockwise rotation should not stimulate the canal mechanism 
until the rotation is stopped—or, at least, sufficiently slowed. The device 
thus enables one to stimulate the vertical canals without changing, during 
the process, the position of the head relative to the earth’s gravitational — 
field, and in this way the stimulation of the otolithic organs of the 
labyrinth which normally accompanies tilting movements of the head 
is avoided. Moreover, it is possible by means of such horizontal rotation 
to subject the vertical canals to prolonged rotational stimulation without 
rolling the head over and over. The chances of dislodging the nerve 
filament from its electrode, or of otherwise disturbing it through ex- 
cessive movement of surrounding tissues and fluid, are thus minimized. 
During the progress of the work it became advisable to record the 
responses of the utricular macula to linear acceleration: For this purpose 
the preparation box is removed from the tilting-and-rotation apparatus 
and placed in a subsidiary holder which is arranged to slide horizontally on 
two metal tracks. In this case also, the compass direction of the head 
is adjustable at will, so that the motion can be made to take place along 
any desired horizontal line, whether antero-posterior, lateral or diagonal. 
Electrical connection must, of course, be established between the 
nerve filament and the amplifier input. For tilting and Acceleration 
stimuli this is accomplished simply by means of a suitable length of 
flexible wire arranged so that its free portion will not brush against any 
external structure throughout the course of the movement. For the 
horizontal rotation experiments, however, provision must be made so 
that the movement may, if necessary, continue for twenty or thirty 
revolutions. Investigation showed, somewhat to the writer’s surprise, 
that sliding metallic contacts, if properly cleaned and lubricated, are 
sufficiently free from electrical artefact to suit the requirements. The 
central shaft of the vertical bearing is therefore drilled through its axis 
to permit the passage of an insulated conductor for the active or “grid” 
lead. This inner conductor is secured, at its upper end, to an insulated 
terminal for the attachment of one of the flexible leads; and, at its lower 
end, to a small, insulated, axially placed brass disc with which four small 
phosphor-bronze springs, also insulated and connected together; make 
firm contact. For the earth lead the contact in the bearing between the 
main post and the base would probably be sufficient, but for safety two 
auxiliary springs, connected to the base and bearing on the upright shaft, 
are provided. These two sets of springs are mounted on a wooden block 
under the cast-iron base of the apparatus. They remain stationary during 
a rotation experiment, and are connected to the input of the amplifier. 
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Tilting and small-arc rotational stimuli are registered on the record 
55 means of a moving signal lever which, intercepting the beam of light 
from the oscillograph, casts its shadow vertically (or, in limiting positions, 
nearly so) on the camera slit. The lever is moved by a thread wound 
over a small drum moving with the preparation and centred on the axis 
of rotation. A gentle spring on the lever keeps the thread taut. The 
excursion of the shadow is, therefore, approximately proportional to the 


are swept out by the rotary movement of the preparation. The two 


drums may be seen in the photograph, that for tilting being between 
the two brass uprights at the left of the machine, and that for horizontal 
rotation being on the end of the central pivot, under the insulated 
terminal for the active lead wire. They have equal diameters. 
To facilitate the interpretation of the records, it was made standard 
practice, in tilting experiments, to arrange the signal so that its shadow 
fell about midway across the exposed (dark) part of the record when 
the preparation box was in the upright or “normal” position (cf. Fig. 5). 

The same signal lever serves to record the movement during linear 
acceleration. A heavy thread is attached to the sliding portion of the 
apparatus and, at its other end, is fastened to, and wound around, a 
light wheel. The wheel is suitably geared to a shaft around which is 
wound the thread which moves the signal lever. The threads are kept 
taut during the course of the movement by springs. The excursion of 
the shadow here is also approximately proportional to the extent of the 
linear movement. 

For prolonged horizontal rotation a different signal is used. It con- 
sists of a rotating disc, around the circumference of which eight narrow, 
radial slits, symmetrically distributed, are cut. A beam of light is 
arranged to fall on a sharply localized region at the top of the record, 
and the disc is placed so that the slits pass through an area where the 
beam is concentrated. During its rotation the disc therefore cuts off 
the beam except during brief intervals corresponding to the slits, and 
each of these intervals leaves a vertical (or nearly vertical) line at the 
top of the record. The disc is made to rotate by means of a pulley and 
a belt leading, in most cases, directly to the pulley shown in the photo- 
graph just under, and fixed to, the rotating part. The angular velocity 
of the signalling dise is thus proportional to that of the preparation, and 
the lines on the record may be regarded as “ angular milestones” showing 
how the movement of the preparation is progressing. Fairly good esti- 
mates of the angular velocity, and even rough ones of the angular 
acceleration, may be obtained by measuring the distances We lines. 
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Such a signalling system possesses obvious drawbacks, but it is suffi- 
ciently accurate for the present purpose. 

For all tilting, linear acceleration, and small-arc rotation tests the 
preparation was moved by hand. For very slow tilts a lever, fixed 
temporarily to the tilting portion of the apparatus, assisted in producing 
smooth motion. In cases where it was desired to observe the responses 
during constant velocity rotation, or at the cessation of rotation which 
had been steady for several revolutions, a governor-controlled clockwork 
motor (from a gramophone movement) was used. In the earlier experi- 
ments the signal disc and the turntable were both operated from the 
motor shaft, each from its own separate pulley; but in the later ones, 
the motor drove the signal by means of a multiple pulley, and the latter 
drove the turntable through a separate belt, 5 rubbed with 
beeswax to prevent slipping. 

Sometimes a vibration receptor turned up instead of an 1 ecjeilibrial 
one, and the need arose for a source of vigorous, constant-frequency 
vibration. For this purpose a magnetic loud-speaker movement, an 
H. T. battery (tapped for 20 or 30 volts), a rotary contact-breaker, and a 
two-way switch were connected in series. The contact-breaker was fitted 
with two brushes, one making a single contact per revolution and the 
other making sixteen, and the switch was arranged to allow rapid change 
from one brush to the other. The commutator was driven by an electric 
motor, provided with a rheostat to adjust its speed. A small drop of 
sealing-wax was placed on the end of the loud-speaker arm, by way of 


insulation, and the preparation box and speaker movement were arranged 


so that the box, supported loosely by the rubber-covered rod in its right 
side, could have one of its sides placed in contact with the wax-covered 
tip of the speaker arm. Considerable shielding was found necessary in 
order to avoid electrical artefact from the motor and the contact-breaker 
brushes. Nevertheless, the device worked satisfactorily enough, and 
enabled one to make tests whenever vibration receptors were encoun- 
tered. All vibration experiments were controlled with novocaine, as 
described below, in order to eliminate the es of either 8 
or electrical artefact. : 
PREPARATION. 


The frog is pithed and decapitated, and the head is divided die 
tudinally by a section a little to the right of the mid-line. The right half 
of the head is used for all experiments. It is pinned securely to the top 
of the cork in the moist chamber, described above, with the snout 
pointing to the operator’s left and the cut medial surface of the head 
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toward him. The wet sponges are inserted, and the preparation is placed 
under a fairly high-power dissecting microscope. The remains of the brain 
are carefully removed, the auditory nerve being detached at its entrance 
to the medulla by gentle manipulation with a fine needle. The membranes 
covering, and in the immediate neighbourhood of, the nerve are then 
teased away with two pairs of very fine forceps. 

The nerve is now lifted up and laid against the lateral wall of the 
cranium. This brings into view the two acoustic foramina, each con- 
taining a branch of the auditory nerve. The line of union of the two 
rami is distinguishable along the postero-inferior edge of the common 
nerve trunk, and with a pair of fine needles the two rami are separated 
along this line. The last possibility of interconnecting strands is elimi- 
nated by running one needle, with its point bearing against the bone, 
between the rami and well beyond them in both directions. One ramus 
is then teased down until a fine filament is obtainable, and this is 
mounted on the “grid”’ electrode. 

Both this and the earth electrode are of fine silver wire, supported 

in glass tubes. The tubes are mounted in plasticine to allow of appro- 
priate adjustment, and the two lead wires from the upper ends of the 
tubes are clamped into separate terminals on the top of the preparation 
box, each along with the corresponding flexible lead wire. The earth 
electrode is bent at its tip in such a way that it can be made to lie along 
the wall of the cranial cavity in the olfactory region. Good contact is 
assured by covering the bent tip with a small triangle of well-soaked 
filter paper. To the tip of the active electrode wire a short length (2 or 
3 mm.) of silk thread is tied. A drop of Ringer’s fluid is placed so as to 
cover the knot on the wire and keep the thread moist by capillary action. 
The nerve filament, when lifted into the air and brought into contact 
with the tip of the thread, adheres in position, and is kept moist by the 
reserve fluid on the thread. 

When the filament has been mounted, the preparation is roughly 
tested to see how many receptors are still in functional connection, 
through the nerve, with the oscillograph. If there are too many the 
filament must be removed and dissected down still further. 

It will be seen from the foregoing description that there is no way 
of telling, in advance, with what type of receptor one will finally end up. 
One can choose to work on either the anterior or the posterior ramus of 
the nerve, but it is impossible to select particular nerve fibres for isola- 
tion. It will be shown below, however, that if one succeeds in isolating 
the responses of a single receptor (or of a group of receptors all behaving 
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similarly) one can frequently, by considering the type of stimulus to 


which.the preparation responds, deduce the source of the observed im- 
pulses with a high probability of correctness. This statement applies 
especially to those cases in which the filament is taken from the anterior 
ramus, for the end me supplied by this n all have known 
functions. 

ConTROLS. 

The general characteristics of the discharges leave little aoule that 
they represent true action potentials in the nerve filament, but as a 
precautionary measure the matter was frequently tested by novocaine 
controls. For this purpose one or two minute crystals of the drug are 
placed on the mush of tissues and fluid from which the nerve filament 


emerges. One can do this quickly and without taking the filament off 


the electrode or greatly disturbing the electrical conditions in its neigh- 
bourhood. The invariable result of this procedure was to abolish the 
response to any of the tilting or vibrational stimuli used. As mentioned 
above, all vibration experiments were controlled in this way, but the 
negative result of the control appeared so consistently that in the 


equilibrial experiments controls were performed only here and there 


throughout. the series. 


THE IDENTIFICATION OF THE RECEPTOR ORGAN. 

The manner of distribution of the auditory nerve in. the frog is well known, and is 
represented diagrammatically in Fig. 2 [after de Buriet, 1929]. It will be seen that the 
nerve has two principal branches. Of these the anterior supplies the saccular and utricular 
macule and the two crists of the horizontal and anterior semicircular canals; while the 
posterior ramus is distributed to the lagena, the pars basilaris, the pars neglecta (the 
„pars amphibiorum” of de Burlet [1928]), and the crista of the posterior canal. Since 
it is possible to separate completely the two rami inside the cranial cavity, the maximum 


number of end organs which might be connected to any given filament under investigation 


can conveniently be reduced to four. In the case of the anterior ramus all four receptor 
organs have known functions, but with the posterior ramus the functions of three of the 
receptors have not yet, as far as I am aware, been established. The one whose function 
is known is, of course, the posterior canal. 

The evidence which enables one to infer the source of the impulses obtained in a given 
nerve filament is based upon the remarkably close correspondence between the type of 
stimulus which is found by trial to elicit a response from the preparation and one or other 
of the various stimuli which, on the basis of previous work involving differential ablations, 
are known to cause activity in at least some of the several sensory organs of the frog’s 
labyrinth. As the validity of this evidence is of considerable importance in the interpre- 
tation of the records, it may well be considered at once in detail. 

It has been found that the response of a single end organ (or of a group of organs all 
behaving similarly) has always been capable of classification into one or other of several 
readily distinguishable categories, according to the kind of stimulus which elicits it. The 
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Group I. Responds to crude mechanical vibration of the head, and 
fails to react to tilting movements unless these are accompanied by 
jarring or other forms of vibration. | 

Group II. Responds to specific gross movements of the head, but 
not to vibration. This group may be further subdivided into: ; 

(a) The gravity group, which responds, in the simplest case, to 
tilting movements. Its receptors can also be stimulated by linear ac- 
celerations in a horizontal plane, and they would presumably react to 


Fig. 2. A, diagrammatic representation of the course of distribution of the auditory nerve 
in the frog. Redrawn from de Burlet [1929]; B, diagrammatic representation of the 
vestibular organs in the frog. From Retzius L188 1]. 

centrifugal force, although this has not been tried. Their action is inti- 

mately dependent upon the lie of the head in the earth’s gravitational 

field. There are two kinds of gravity receptors: (i) a type which gives 
its best response when the head is tilted out of the level position; 

(ii) a type which, as far as information is at present available, responds 

only when the head is tilted from some inclined position back into level. 
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(b) The. rotation! group proper, the members of which are stimu- 
lated by rotatory acceleration, whether the movement involves a 
tilt or not. The inclination of the axis of the rotation with respect to the 
the proper manner. 

It should, perhaps, be mentioned in eee e not 
respond to any tilt, or to any direction of rotation. Both the plane in which the tilt or 
rotation occurs, and the direction of motion in that plane, are decisive factors in deter- 
mining the vigour of the response. 

Now the results of previous investigations on the frog’s labyrinth [see Tait and 
McNally, 1925, 1929, and especially 1934; McNally, 1932; and McNally and Tait, 
1925, 1994 u, 1934 ö, and especially 1933], in which the functions of the individual 
balancing organs were studied by the methods of isolated ablation and sole persistence, 
enable one immediately to place four of the eight receptors into either the gravity or the 
rotation groups, as defined above. Thus, it is clear that the utricular macula with its 
accessories is a gravity organ (Group II a), and that the criste of the three semicircular 
canals are rotation receptors (Group II b). The placing of the canals in the rotation group 
is also strongly supported by the work of Steinhausen [1931, 1933, 1934], in the pike, 
on the intimate mechanism of canalicular stimulation. With regard to the saccular macula, 
the negative equilibrial experiments of Laudenbach [1899] and McNally and Tait 
[1925], and the electrical observations, both positive and negative, of Ashcroft and 
Hallpike [1934 a, 19346}, and also of McNally and the writer (unpublished), have 
established the fact that this organ is a receptor for vibration, and that it does not respond 
to tilting provided that it is not “joggled” in the process. The saccular macula therefore 
belongs to Group I. 3 

The above information enables one immediately to deduce the source of impulses 
derived from any part of the anterior ramus, particularly when the subdivision of the 
nerve has been carried down to a point at which the response obtained is pure. Thus, a 
response to vibration, but not to gross movement, indicates the saccular macula; a gravity 
response must arise in the utricular macula; and while a rotation receptor may lie in either 
of the two cristz supplied by the anterior ramus, the one concerned may readily be deter- 
mined by ascertaining in which plane of rotation the discharge is most easily elicited. In 
experiments where the filament has been taken from the posterior ramus the matter is 
less definite, for whereas a rotation receptor is almost certain to lie in the posterior crista, 
a gravity or a vibration receptor may lie in any of the other three organs supplied by 
the posterior ramus. 

The considerations mentioned above should suffice to establish, beyond reasonable 
doubt, the identity of a sense organ which in an experiment gives rise to (a) any pure 

response in a filament of the anterior ramus, or to (b) any rotation response in the posterior 
ramus; but the parallel between the known properties of the various labyrinthine organs 
and those experimentally determined by the procedure herein described extends con- 
siderably further than has already been indicated. It is best illustrated by the rotation 
receptors, which, as stated above, are taken to be the semicircular canals. If this assump- 
tion is to be proved incorrect, the following formidable set of coincidences will have to 
be explained away: 

(a) Three, and only three, different kinds of rotation receptors have been encountered. 

(6) Of these three kinds, two occur on the anterior ramus, and one on the posterior. 

(c) It is known that each canal responds best to rotation in its own plane. Of the 
two rotation receptors on the anterior ramus, one responds most readily to rotation in 
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the plane of the horizontal canal, and the other to rotation in the plane of the anterior 
canal; while the single posterior rotation receptor invariably responds best to rotation in 
the plane of the posterior canal. 
be Any preparation can be brought from a state of rest into one of constant angular 
velocity, in a given plane, by rotating it in either one of two opposing directions. In the 
case of a canal being rotated in its own plane in this manner, it is almost certain that 
only one of the two directions causes stimulation: The same is found to be true for each 
rotation receptor, and the direction which stimulates any rotation receptor in the above 
manner has in every case been the same as that which stimulates the corresponding canal. 
This is true in spite of the fact that the horizontal canal is stimulated by rotation in a 
sense opposite to that which stimulates either of the two vertical canals. | 

(e) It has been shown that when a canal has been rotating in its own plane for several 
seconds in # direction which did not cause stimulation at the onset of the rotation, 
cessation of the movement will stimulate the end organs of the crista. The same is true 
for each of the three rotation receptors. . 

(f) Sufficiently vigorous horizontal rotation can stimulate a vertical canal in the frog 
if the head is turned so that the motion possesses at least some rotatory component (in 
the correct direction) in the plane of the canal concerned. This is also true for the rotation 
receptors corresponding to the vertical canals. 

These considerations show that although it would, strictly speaking, be unfair to state 
that the response of any canal can be recognized with complete certainty, one can legiti- 
mately claim a canalicular origin for a rotation receptor response with a very considerable 
degree of confidence. | 

A utricular receptor is identified with equal ease, for any anterior-ramus organ which 
remains unresponsive to tapping or other vibratory stimuli must lie in either the utricular 
macula or a canal ampulla; and the canal responses are so highly specialized that it is 
quite easy to distinguish a gravity response from them. 

Thus it is clear that whereas one cannot, when using the technique described above, 
plan an experiment on any particular labyrinthine organ, one can study the properties of 
the saccular macula, of the utricular macula, or of any of the three semicircular canals 
whenever they turn up in the nerve filament which has been dissected out. It is also 
possible to study responses in the posterior ramus even if they are quite obviously not 
derived from the posterior canal, and in this way to obtain information regarding the 
functions of the lagena-basilaris-neglecta group, as a group if not as individuals. These 
have been the main objects of the investigation. | 


TERMINOLOGY. 

Before describing the experimental findings, it will be well to adopt some system by 
means of which a tilting or other rotatory movement may be clearly described. The 
following plan has proved useful in making notes during the course of the experiments, 
and will be used throughout. 

By tilting is meant any movement of rotation about the horizontal axis of the apparatus 
(Fig. 1). By tilting to the right is meant that direction of rotation which would tend 
to make a normal frog, squatting upright on a previously level plane, slide to his right. 
A tilt to the rear would similarly tend to make him slide backwards, and so forth. As the 
preparation is invariably taken from the right-hand side of the frog’s head, diagonal tilting 
is conveniently described by naming the vertical canal in whose plane the tilt occurs. 
The direction of a diagonal tilt, or of any other form of rotation in the plane of a vertical 
canal, is designated by reference to the canal itself. The axis of the rotation is regarded 
as passing through the loop of the canal, and if the movement is in such a direction that 
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in the ampulla- leading direction. The opposite direction of rotation is referred to as 
“ampulla-trailing”. Normal horizontal rotation with the head level is best designated 
simply by calling it rotation to the right (clockwise) or to the left (counter-clockwise) ; 
but, for the sake of comparison, such rotation: could'be called “empalls- 
trailing” in the plane of the horizontal canal. 

For the recording of responses to tilting and small-arc horizontal rotation the con- 
tinuous-line signal was used, and the relation between the direction of the tilt and the 
movement of the signal is given in the legend under the figure by some such statement 
as “signal up lla-leading”—“ signal up” simply meaning movement of the signal 
line toward the top of the printed page. The number of degress of rotation of the prepara- 
where necessary in the legend (e.g. 1 om. 123). 

fo stimulation 
by tilt or other rotation in some special plane was by no means mathematically precise. 
The various axes in the apparatus (Fig. I) were set purely by inspection, the setting being 
based on the assumption that the three axes of the frog's head were respectively parallel 
to those of the preparation box. Inasmuch as the cork to which the head was fastened 
was roughly shaped to fit the head, the above assumption was approximately correct, 
but individual differences in the size of the head and the exact manner of dividing it in 
two could certainly have caused variations in its alignment. Consequently the planes in 
which the preparations were tilted or rotated corresponded only approximately with the 
equivalent ideal planes defined with reference to the frog’s head, but the 8 
between the two for any given test was probably not more than 10 or 15°. 

The time marker has a period of (nearly) 0-54 sec. in all the records. 


RESULTS. 


One of the early findings was that in the frog the receptor mechanisms 
for gravity and for vibration are both at least twofold (Fig. 3). Hitherto 
the main emphasis has been laid on the utricular macula as the principal 
gravity organ (in the sense used here), but there is another strikingly 
similar gravity organ somewhere on the posterior ramus. Of how much 
importance this latter is in the reflex balancing mechanism it is at 
present impossible to say, but there are certainly two, and perhaps three, 
distinct receptor organs in the frog which fall into the gravity class. 
There is likewise another vibration receptor besides the saccular macula. 
The actual identities of these new organs are, as far as I am aware, 
unknown. Various conjectures may be made on morphological grounds, 
but all that one can definitely state at present is that they are to be 
found somewhere in the lagena-basilaris-neglecta group. ; 


General characteristics of the discharge. 
A peculiar feature of nerve filaments which still contain a fair number 


of active fibres is the marked tendency for impulses to keep appearing 
in the filament for no very good or obvious reason. Any movement of 
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the preparation sets up a barrage of impulses which may take an un- 
commonly long time to die away, and often gives the impression of 
subsiding to a resting level of random activity and remaining there more 
or less indefinitely. Whether or not this type of activity is characteristic 
of the normal labyrinth is uncertain. It must be borne in mind that the 
ear has been deprived of its blood supply, and that the nerve, although 
still capable of conducting impulses, has on account of its small size 


Fig. 3. A and B. A comparison of the anterior and posterior type (i) gravity receptors. 
A, anterior ramus; tilt in the plane of the posterior canal; signal up =ampulla-leading; 
1 cm, =220°. B, posterior ramus; antero-posterior tilt; signal up tail down; 
1 cm.=210°. C and D, records from a preparation of the (unidentified) posterior 
vibration receptor. C, single contact per revolution of circuit-breaking commutator. 
D, the same preparation, same commutator speed, 16 contacts per revolution.“ 


been subjected to a certain unavoidable amount of maltreatment during 
its dissection. It is certain, at any rate, that when single-fibre prepara- 
tions are obtained, the occurrence of a resting discharge is rather rare. 
When it does occur it usually possesses no regular frequency, and it can, 
as a rule, be momentarily suspended by a movement in the direction 
opposite to that which stimulates the end organ. 


1 Tn this and in some other early records the impulses appear with their spikes pointing 
downwards, while in the majority of the records they stand upright on the base line. This 
does not mean that the polarity of the discharges varied from one experiment to another; 
it was entirely consistent throughout the whole of the investigation. The reversal is due 
to the rearrangement of the oscillograph, which was made to deflect the other way in 
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Another type of spontaneous single-fibre discharge has been met with 
occasionally, this variety being presumably of pathological origin. It 
immediately precedes the failure of excitability of the sensory unit, and 
its frequency is sufficiently regular to make it heard, in the loud-speaker, 
as a wailing note. Its occurrence, though rare, usually follows some 
rather rough handling of the preparation, such as the turning of a gravity 
organ upside down, or flat on its side or end. The discharge then starts 
at a frequency which is low at first, but which gradually increases up 
to perhaps 70 or 80 per second. It maintains this rate for a few seconds; 
then rapidly becomes irregular and ceases altogether, after which the 
preparation responds only to very strong stimuli, or, more likely, to 
none at all. Neither this nor the ordinary resting discharge (nor any 
other discharge, for that matter) has ever been observed with the action 
potentials reversed in sign (see footnote on p. 129); a fact which excludes 
the possibility of an origin at or near the cut end of the fibre 8 
than within the labyrinth. 

Apart, then, from these apparently rather atypical discharges of long 
duration, the receptors in the ear remain inactive in the absence of 
movement or vibration. Fairly prolonged discharges—i.c. several 
seconds—may, however, be obtained by appropriate stimulating move- 
ments, suggesting that at least some of the receptors are of the slowly 
adapting type. The durations of these discharges, and also the threshold 
intensities for their various stimuli, are subject to a good deal of fluctua- 
tion between one experiment and another. This may mean that in the 
intact frog the different receptors in any one labyrinthine organ are 
graded as regards threshold and rate of adaptation, but-it is more likely 
that the variation is largely due to the artificial conditions of the experi- 
ment. For this reason, the present communication deals mainly with 
the purely qualitative, rather than the quantitative, aspects of the 


stimuli used. 
The vibration group. 1 
The main interest in the investigation centred around the equilibrial 

receptors, for all the balancing organs found in the ears of the higher 
vertebrates also occur, and presumably function somewhat similarly, in 

the frog. Vibration receptors turned up in the preparations from time 
to time, however (they appeared quite frequently in the initial rough 

tests of the nerve filaments), and occasionally a single-organ preparation 

would be obtained. Fig. 3 C and D show sample records of the responses 

of the so far unidentified posterior vibration receptor. They were both 

taken from the same preparation, and within a second or so of each 
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other. In C the contact-breaker circuit of the stimulating device was 
thrown onto the commutator brush which gave a single contact per 
revolution, while in D the other brush was used, giving sixteen similar 
contacts per revolution—which at this motor speed represents a fre- 
quency in the neighbourhood of 100 per second. No attempt has been 
made to explore the frequency range of these — receptors with 
the present crude stimulating apparatus. 

This and similar experiments show only that the receptor concerned 
is capable of responding to crude vibration of the head, and should not 
be interpreted as either for or against the idea that the frog possesses 
a receptor mechanism for air-borne sound. It is true that no responses 
to air-borne sound have during this investigation been obtained from 
single vibration receptors, even if the lid of the preparation box was 
temporarily removed, but it would probably be safer for the moment 
to suspend judgment on this question. 

None of the receptors in the vibration group responded to tilting 
movements in any consistent way. A few erratic impulses might be 
discharged during the course of a tilt, but such responses are best inter- 
preted as being due to jarring or other vibration occurring accidentally 
in the course of the movement. Some of the preparations were certainly 
remarkably sensitive to vibration. Responses were occasionally obtained 
merely to the slight jarring caused by the writing of notes in pencil on 
a small note pad while it lay on the top of the table a foot or two from 
the stand or rotation apparatus on which the preparation box was 
supported. 


The gravity group. 


This is the group which responds to tilting or to linear acceleration, 
but not to vibration nor, if precautions are taken to avoid the inter- 
ference of centrifugal force, to rotation in a horizontal plane. These 
receptors are readily distinguished from those of the rotation group by 
their dependence upon the way in which the head lies in the earth’s 
gravitational field during the progress of the movement. Thus, if one 
uses two tilting: stimuli which are both in the same plane and also in 
the same direction in that plane, it makes considerable difference to 
a gravity organ whether one tilts the head up into the level position 
or down from the level position (Fig. 3 A and B), whereas these two 
stimuli have virtually the same effect on a rotation receptor. In addition, 
the duration of the response differs markedly between the two groups. 
The discharge of a rotation receptor to a tilt (in which the are 
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swept out will be at most 180°) is invariably brief, while under favour- 
able conditions the discharge ron a , gravity organ may last several 
seconds, 

The differences between the two groups are strikingly illustrated in 
Fig. 4. In all three records the impulses were obtained from the posterior 
ramus, and in B and C the stimuli were (as nearly as possible) the same. 
They consist of, first, a series of tilts back and forth on one side of the 
normal (level or nearly level) position, and, secondly, a similar series of 
tilts on the other side of the normal. It is obvious that the two varieties 
of tilt have quite different effects in C (gravity receptor), but in B the 
end organ responds equally well to both (rotation group). 


Fig. 4. the 
posterior canal (A and B) and from a type (i) posterior gravity receptor (C) which 
responds to a tilt both in the same plane as the canal and to the same direction of 
tilt in that plane. A and B are from a posterior ramus preparation. A, small-arc 
horizontal rotation in the plane of the posterior canal. B, tilt in the plane of 
the posterior canal. C is from another posterior ramus preparation, tilted in the 


plane of the posterior canal. In all three reeords signal up=ampulla-leading, and 
1 cm. =310°. 


The most conclusive test for a rotation receptor is to establish its 
response to horizontal rotation in an appropriate plane. This has been 
done in record A. The head has been turned so that the posterior canal 

lies in the horizontal plane, and the receptor which gave the responses 
in B is being stimulated by small-arc horizontal rotation. The discharge 
is elicited just as readily as before. 
Gravity Group, Type (i). The gravity responses illustrated so far 
(Fig. 3 A and B, and Fig. 4 C) belong to the first type of gravity organ, 
for their discharge is most vigorous when the preparation is tilted out of 
the level position. Whether or not they react to a tilt into level (in the 
same direction) is debatable. Some apparently do (Fig. 3), and others 
apparently do not (Fig. 4). The difficulty is that one cannot tell from 
the position of the apparatus just when the head is in what would be, 
in the intact animal, the normal and symmetrical position. Responses 
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to an into-level tilt (as judged by the apparatus) are obtained quite 
frequently, and they are almost always, if not invariably, weaker than 
the corresponding out-of-level tilt. But in these cases one is never sure 
that the head may not have been tilted just a little past the level 
position, and down on the stimulating side. In the absence of more 
accurate information, the question of this into-level response must 
remain open for the present. 

It is of interest to note in passing that, whatever the cause of the 
apparent into-level responses from type (i) gravity organs, they can 
nearly always be considerably strengthened by leaving the head in the 
down position (non-stimulating direction) for half a minute or so before 
tilting it back into “level” again for the response. This property is illus- 
trated in Fig. 5. The receptor is the same as that of Fig. 3 B, and the 


Fig. 5. A shows the sensitized “into-level” response of a type (i) gravity organ, for com- 
parison with, B, the normal “out-of-level” response, taken a little later. The pre- 
is the same as that in Fig. 3 B, and it was tilted into the nose-down position 
about half a minute before the “return-to-level” tilt shown in A: Compare this 
discharge with the first one in Fig. 3 B. The tilt in B is tail-down. Signal equivalents: 

A, 200° per cm.; B, 210° per cm. 


sensitized “‘into-level”’ response, A, now compares very favourably with 
the normal “out-of-level” discharge, B, which was obtained from the 
same preparation a minute or so later. Both discharges lasted several 
seconds. 

Type (i) gravity organs respond only to one direction of tilt in any 
plane. The stimulating direction is the same whether the tilt is rapid 
or slow (see Fig. 7, and also later in text). The plane of the stimulating © 
tilt is, however, not at all sharply defined. One can usually find, by trial, 
some plane in which the receptor responds best, but in other planes on 
either side of this maximal one the response falls off not at all steeply. 
It seems probable that an out-of-level tilt in order to stimulate must 
possess at least some component in the direction of the most effective 
tilt, but that within these limits almost any tilt is likely to have some 
effect if the receptor is at all sensitive. f 

PH. LXXXVI. 9 
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Receptors designed to respond to a lateral tilt to the left are by no 
means confined to the left labyrinth, for they have turned up in the 


course of this work on the right ear. This finding is in agreement with 


the reflex work of Tait and McNally [1934, p. 253], who find that the 
tilting of a single utriculus to its mesial side does elicit some compen- 
satory response, if only a rather weak one. 

Gravity Group, Type (ii). Information regarding this peculiar and 
interesting type of gravity organ is rather scarce, for these receptors 
have been encountered only a few times. It seems to be indisputable, 
however, that there are certain gravity organs which respond only when 
tilted up towards the level position, and which cease to discharge even 


Fig. 6. 0 show the difiecencés | in behaviour between a type (ii) gravity organ (first dis- 

charge, diphasic impulses) and a type (i) gravity organ (second discharge, monophasic 

-himpulses). Posterior ramus preparation; rather extensive lateral tilting; signal up to 

ths right; 1 em. 1507. The type (ii) organ responds into level“ but not out of 

“level”; whereas the type (i) organ responds well out of “level” but not, in this case, 

into “level”. A moment after the end of the portion of record shown, a signal-up 

tilt into level was also found to give diphasic impulses indistinguishable from those 

in the first tilt, suggesting a bidirectional action for the type (ii) organ. The presence 

. (unmistakable in the original) of another, smaller, diphasic impulse, which also appears 
(only) in response to both into-“level” tilts, confirms this suggestion. 


if the tilt is continued out of level in the same direction. If one tilts a 
multi-receptor preparation, containing both gravity types, right through 
level from one side (or end, or corner) to the other, one hears a definite 
double discharge in the loud-speaker—an initial burst from the type (ii) 
receptors while coming into level and a subsequent discharge from the 
ordinary type (i) receptors. Only one reasonably good record illustrating 
the action of a type (ii) receptor has been obtained; it is shown in Fig. 6. 
This experiment was particularly fortunate, for the preparation supplied 
a type (i) gravity organ in the same nerve filament for purposes of com- 
parison; moreover the two sets of impulses were readily distinguishable 
(in the original record at any rate) since the type (ii) impulses were 
diphasic and the others monophasic. It is seen that the tilt into level is 
signalled by a receptor which refuses to respond to a further tilt out of 
level, and that the second receptor, which does react to the out-of-level 
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tilt, failed to respond previously. The original record also reveals (imme- 
_ diately after the portion shown) the rather startling fact that the type (ii) 
organ reacts, in its own peculiar manner, to both directions of the tilt 
into level. Whether this behaviour is typical of these organs it is at 
present impossible to say, but other records suggest that the response 
can at least sometimes be unidirectional in character. 

Type (ii) receptors have been encountered on several occasions in 
mixed preparations, but have not so far been found in preparations of 
the anterior ramus. The rather fundamental difference in behaviour 
between these receptors and those of type (i) tempt one to imagine that 
they lie in a special organ—the third of the three unknown organs of 
the posterior ramus. 

The utricular macula. On the assumption, discussed above, that the 
gravity organ of the anterior ramus is the utricular macula, this sense 
organ received particular attention; for it has been suggested [McNally 
and Tait, 1933, 1934 a, 1934 ö; and Tait and McNally, 1934] that in 
the frog the utricular macula may possess, to some extent at least, 
properties more typical of a rotation receptor, and may respond to tilting 
rotation as such. Tait and McNally found that if a “bisoliutricular”’ 
frog (i. e. one in which both labyrinths have been completely denervated 
except for the two utricular macule) were subjected to a slow tilt in 
any given direction, the animal’s reaction was truly compensatory in 
nature; whereas if the same tilt were performed rapidly the initial 
reaction was decidedly anti-compensatory, and consisted of a violent 
bodily heave or plunge in exactly the wrong direction. In other words, 
the response of the animal to slow tilting is such that its balance tends 
to be maintained; but if the tilt is rapid the reaction elicited is the 
one which would have been admirably suited to maintain the animal’s 
balance if the tilt had only been in the other direction. In 
order to explain this peculiar finding, these investigators were led to 
postulate that a slow tilt in one direction would excite the same utricular 
receptors as would be stimulated by a rapid tilt in the opposite direction; 
and they devised a scheme of utricular structure which would be expected 
to produce this effect. Because their hypothetical scheme has at best 
rather scanty histological support, it seemed advisable to subject the 
matter to experimental test using the electrical technique described, 
which could presumably settle the question one way or the other. 
On the basis of their postulate, one would expect that any given 

utricular receptor would respond to a slow tilt in one. direction, but 


that if the movement were rapid, the receptor would respond only when 
9—2 
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tilted in the opposite direction.! This does not seem to be the case. The 
record in Fig. 7 A was taken very shortly after that of Fig. 3 A, from 
the same preparation. It shows this receptor (a type (i) gravity organ, 
on the anterior ramus) responding to rapid tilting. It discharges in 
each case to the signal-up tilt as before, and refuses to react when tilted 
in the other direction, no matter how abrupt the motion may be. This 
experiment, of comparing slow and rapid tilts in type (i) gravity organs, 
has been tried on ten separate preparations (eight on the anterior ramus, 
one on the posterior ramus, and in one early experiment in which the 
rami had not been separated). In nine of these cases, of which Fig. 7 A 


Fig. 7. To illustrate the inability of a quick tilt to reverse the stimulating direction (of 
_ tilting) for anterior gravity receptors. A shows the same receptor as in Fig. 3 A, the 
records having been taken within a few seconds of each other. The tilt is in the plane 

of the posterior canal; signal up- ampulla-leading; 1 cm.=190°. B shows another 
anterior gravity receptor. Slow tilting in the plane of the anterior canal; signal up = 


ampulla-leading; 1 cm. = 160°. C, same preparation as B, rapid tilting. Signal as in B, 
but 1 om. 1905. For discussion see text. 


is a functionally representative one, the preparation gave no sign of a 
reversed response with quick tilting. The tenth case is not entirely above 
suspicion, and is shown in Fig. 7 B and C. This exceptional case may be 
important, and deserves a little consideration. The writer is, however, 
of the opinion that the first and last discharges in record C do not 
represent bona fide reversed responses, for the following reasons. 


1 This is stating the matter rather more simply than accurately, for the response of a 
bisoliutricular frog to a rapid tilt occurs in two phases; viz. a prompt anti-compensatory 
reaction during the tilt, followed quickly by a secondary, compensatory movement which 
adapts the animal’s posture to the new inclination of the substratum. For the moment, 
however, we are concerned only with the anti-compensatory primary reaction and with the 
utricular events which produce it, and can leave out of consideration the N reac- 
tion, which exhibits no unexpected features. 
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Record B shows that at least two receptors are present, the more sensitive one giving 
a diphasic impulse. Both (or all) these receptors respond unidirectionally to the slow tilt, 
except for one stray diphasic impulse near the start of the slow up-signal tilt (not on the 
portion of record shown). Both (or all) respond to the same direction of quick tilt (second 
and third responses, record C), so that in this respect at least the response has not been 
reversed. The suspicious parts of the record are the first and fourth responses in record C, 
which might conceivably be the monophasic receptor. If this is so, it is difficult to under- 
stand why the more sensitive diphasic receptor did not discharge vigorously here; and 
why, in addition, monophasic impulses still appear in response to the second and third 
tilts. It therefore seems probable that the responses to the first and fourth tilts arose in 
some other receptor giving monophasic impulses, but whose threshold was too high to 
enable it to react to the slow tilt. In appearance these two discharges are typically canal- 
like, and as the plane and direction of the tilt were suitable for anterior canal stimulation 
it seemed likely that the aberrant impulses originated in the anterior crista. A test was 
accordingly performed in order to decide this point. It happened that the gravity re- 
ceptors in question—both monophasic and diphasic—responded well (probably best) to 
a rearward tilt; but they also responded easily to tilts in the two diagonal planes, ampulla- 
trailing in the plane of the anterior canal (as shown) and ampulla-leading in that of the 
posterior canal. The slow and fast tilting was therefore tried in this last plane, a procedure 
by which any stimulation of the anterior canal would almost certainly be avoided. In 
this experiment the responses fell into line very well with the other nine cases, impulses 
appearing in all ampulla-leading tilts, whether fast or slow, and failing to appear for 
ampulla-trailing motion. It is therefore highly probable that the questionable monophasic 
discharges in response to the first and fourth tilts had a canalicular, and not utricular, origin. 

One has still to explain the single diphasic impulse which occurred towards the end of 
the last discharge in record C, and this is puzzling. It is probably due to some inertia 
effect consequent upon the very abrupt movement of the head, for the whole into-level 
tilt was completed in something like one-eighth of a second. But whatever its cause, one 
such impulse cannot explain the vigorous reversed reactions observed by Tait and 
MeNally, even if it occurred regularly, and this is the only instance in which even one 
impulse is observed in this position. 


It is therefore fairly safe to conclude that no straightforward case of 
a reversed response to quick tilting has yet been encountered. 

In view of this negative finding, it seemed advisable to check up the 
responses of the utricular macula to simple linear acceleration in a 
horizontal plane, for in such experiments there can be no question as 
to whether or not rotation plays a part per se in the stimulating process. 
Anterior gravity preparations were accordingly set up in the sliding 
device previously described and were moved to and fro in the plane of 
the most vigorous tilting response. Such experiments showed that if a 
gravity receptor type (i) responds to tilting in one direction, it responds 
to positive linear acceleration in the other direction, or to negative 
acéeleration (slowing down) when moving linearly in a direction the 
same as that of the stimulating tilt. Thus, a receptor responding to a 
rearward tilt will discharge (a) when accelerated linearly forward, or 
(b) when rearward motion is slowed; and correspondingly for other re- 
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ceptors responding to other directions of tilt and translation. This rule 
‘held in all cases, whether the acceleration was high or low. Fig. 8 shows 
records taken from one such experiment. In A the preparation was being 
tilted antero-posteriorly. The response was similar a moment later to 
rapid tilting. B shows the same preparation being moved horizontally 
forward and backward. The record is somewhat obscured by the presence 
of a vibration receptor which (as was demonstrated by tapping on the 


horizontal arm of the preparation box immediately after the acceleration 


record was taken) is responsible for the heavy, monophasic impulse. 


Fig. 8. Showing the behaviour of a gravity receptor, type (i), to both tilting and linear 
acceleration. Anterior ramus. A, antero-posterior tilt; signal up tail down; 1 cm. = 
190°. B, front-and-rear linear horizontal translation; signal up=to the rear; 1 cm. 


(signal) =33 om. (preparation). The gravity receptor shown in A gives only the thin, 


ceptor—see text. 


fi 


The thin, partially 1 impulse i is the 1 000 one. Iti is seen that 
it occurs only when the preparation is accelerated forward (signal down) 
or when rearward motion begins to slow down. 


The behaviour of the vibration receptor in this experiment is peculiar and interesting, 
‘and ‘somewhat similar responses have also been obtained from other anterior vibration 
‘receptor preparations. The main discharge occurs after the motion has stopped, suggesting 
that the saccular otolith was thrown over in one direction by the arrest of the movement, 
and that it was stimulated as it sagged back into its normal position. Three utricular 
impulses are mixed in with this post-arrest discharge, suggesting that the same thing 
happened to the utricular otolith, but it is much easier to understand a utricular discharge 
under these conditions than a saccular one. The latter may have been caused by the 
peculiar suspension of the saccular otolith [see McNally and Tait, 1925], but the direct 
cause of these somewhat unorthodox saccular discharges i is still unknown. 


These observations on the effect of horizontal linear acceleration fully 
confirm the experiments of Tait and McNally [1934], in which bisoli- 
utricular frogs were subjected to linear acceleration in various directions 
without changing the direction of the reflex response when a transition 
was made from low to high acceleration, or vice versa. The findings can 
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be explained by any theory of utricular mechanism which hinges upon a 
difference in density between the otoconium and the surrounding fluid, 


whether the otoconium acts as a weight, a float, or a semi-buoyant 


structure of the kind postulated by Tait and McNally. The results of 


the slow and quick tilting experiments, however, do not seem com- 
_ patible with the hypothetical scheme proposed by these authors. 


The failure to confirm their postulate unfortunately leads nowhere. 
Attempts to find an alternative explanation for the reversal phenomena 
observed by them have met with little success. It was thought for a 


time that vigorous stimulation of the utricular macula might, through 


some peculiar central effect, bring about a reflex response opposite in 
nature to that elicited by gentle stimulation of the same kind; but this 
possibility had to be discarded.. It is refuted by the linear acceleration 
experiments of Tait and McNally [1934]; and also by the observation 
that in the present rapid-tilt experiments the number of impulses dis- 
charged in response to a quick tilt has in no case been appreciably greater 
than that elicited by the same slow tilt, and has, in fact, almost always 
been considerably smaller (see Fig. 7). On the other hand, if one postu- 


lates for the utricular macula a system of high-threshold receptors (rather 
sparse, to account for their having been missed in the present work) 


which would be responsible for the vigorous reflexes (such as, for example, 
the “‘irrelate reaction) elicited by rapid linear acceleration, one has 
still to explain why only these, and not the ordinary gravity receptors, 
are stimulated by the “wrong” direction of quick tilting. It would 


therefore seem advisable to suspend judgment on the subject of the 


bisoliutricular snag phenomena until further experimental evidence 
is available. | 

One other ending is worthy of note in connection with the peripheral 
mechanism of the utricular macula. Tait and McNally. [1934] have 
shown that the reactions of a normal frog to continuous, very slow tilt 
are intermittent in nature, consisting of a series of abrupt movements 
rather than a gradual compensatory adjustment corresponding with the 
progress of the tilt. The most obvious hypothetical explanation of this 
discontinuity i in the response is that the utricular otolith remains in 
position in virtue of its friction against the underlying structures until 
the tilt arrives at a critical point. Here one imagines that the otolith 
slips a little, and in doing so gives rise to a brief sensory discharge which 
causes the abrupt compensatory reaction. One assumes that after this 
the tilt continues with no further discharge from the utricle, or reaction. 
on the animal’s part, until the otolith slips again, and so on. On several 
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occasions, however, I have subjected anterior gravity preparations to 
very slow tilt, and have been able to detect no sign of discontinuity in 
the discharge. The frequency of the impulses, to be sure, is not regular, 
but their distribution seems to be entirely random, with no tendency to 
collect in bunches, as the above hypothesis would require. It therefore 
appears that the discontinuity in the normal response to slow tilting 
must be due to some property of the central nervous system, for the 
peripheral mechanism seems continuous in its action. As a matter of 
fact, the wide individual and diurnal fluctuations in the “angle of ade- 
quate stimulation” reported by Tait and McNally [1934] (as well as 
those fluctuations consequent upon changes in temperature) rather 
strongly favour the idea of a central origin of the discontinuity, for one 
would expect the peripheral mechanism to be a little less —" in 
its action. 
The rotation group. 

These 8 are substantially independent of the action of gravity, 
and respond with the same readiness to rotation in either a horizontal 
or a vertical plane, so long as the position of the head is properly ad- 
justed first. The existence of three kinds of rotation organs has been 
mentioned, each responding best to rotation in the plane of one of the 
three semicircular canals. Their distribution along the course of the 
auditory nerve has been indicated, and the remarkable correspondence 
between the properties of each rotation receptor and those of the canal 
in whose plane the receptor responds most readily has been discussed. 
On the basis of this evidence it is concluded that the canals and the 
rotation organs are one and the same. 

The characteristics of the discharges from the three canals are re- 
markably similar—so much so that it would at present be impossible to 
tell which canal produced a given record if one did not know the plane 
of the stimulating rotation. The three canals differ one from another in 
that (a) the plane of rotation for maximal stimulation is different in each 
case, and (b) the two vertical canals respond to the onset of ampulla- 
leading rotation, whereas for the horizontal canal the stimulating direc- 
tion is ampulla-trailing. Apart from these differences, the fundamental 
behaviour of the canals is the same throughout, and, as far as is known 
at present, what applies to one holds for all three. 

If a given canal responds to the onset of rotation in one direction, 
it can be made to respond equally well to cessation of rotation in the 
opposite direction, provided that provision has been made so that such 
non-stimulating rotation can if necessary be carried on through a few 
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revolutions before being stopped. Some sensitive preparations will, 
however, show this after discharge even if the arc through which the 
preparation has travelled is surprisingly small; e.g. in Fig. 9 A, in which 
the rotation has progressed through less than 40°. 

If a canal is brought from rest to a state of constant velocity in the 
stimulating direction, its discharge begins véry soon after the motion 
starts (as in Fig. 9 A) and rises to a maximum, after which it dies away 
more or less rapidly according to the sensitivity of the receptor. The 
discharge obtained at the cessation of rotation in the non-stimulating 
direction is exactly analogous; it begins a little after the onset of negative 


Fig. 9. Responses from rotation receptors. All were obtained from the anterior ramus. 
A shows reaction and after reaction to small-arc horizontal rotation with the head 
“level”. Signal up=to the right; 1 em. - 140%. B and C show responses to the 
cessation of more prolonged horizontal] rotation; B with ampulla-trailing rotation in 
the plane of the anterior canal; C with left-hand rotation in the normal upright 
position. In both B and C each stroke of the signal registers movement of the 


acceleration, rises to a maximum, and then subsides. With sensitive 


preparations, the duration of the discharges and after discharges may 


be surprisingly long—one was still firing after 17 seconds [cf. Mowrer, 
1935}. Fig. 9 B shows an anterior canal preparation responding to 
cessation of ampulla-trailing horizontal rotation, and Fig. 9 C illustrates 
an analogous response from the horizontal canal, the head in this case 
being upright and the direction of the rotation counter-clockwise. 

As is the case with the gravity receptors, the vertical canals can be 
made to respond to tilts in planes other than their own. The threshold 
is raised for planes on either side of that of the canal, and usually 
becomes impossibly high when thé plane of the canal is lying in the axis 
of the tilt. If the preparation box is turned beyond this null point, the 
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direotion of the stimulating movement of the apparatus is found to 
be reversed, as would be expected. 

Sensitive vertical canal preparations may 8 to horizontal ro- 
tation with the head (or, rather, the preparation box) in the normal 
upright position. This would be expected in view of the results of the 
horizontal rotation experiments of Tait and McNally [1934] on 
“biconjoint”’ and other allied operated frogs: Experiments with the 
present technique suggest that any response of the vertical canals to 
rotation of the head about a dorsoventral axis is.due only to the pos- 
session, by the rotary movement, of a component in the plane of the 
canal—in other words, to poor alignment of the vertical (or, better, 
not-q uite-vertical) canals. This may be investigated as follows. 

A preparation of, say, the anterior canal, is found to respond to 
horizontal retation when the box is in the upright position. With the 
basal joint of the apparatus fixed, the preparation box is turned through 
45° to the left from its position in Fig. 1, thus bringing the plane of the 
anterior canal appoximately into line with the axis of the tilt. The box 
is clamped in this position, and the basal joint of the apparatus is 
released. Horizontal rotation at the basal joint will still produce a 
discharge as before. If this response to horizontal rotation is now tested 
with the preparation box tilted at various small angles to its upright 
position (these positions are attained by appropriate adjustment of the 


horizontal axis), a setting can be found with which the response to 


horizontal spin cannot be elicited, and on either side of which setting 
‘the stimulating direction is reversed. This must mean that the plane of 
the canal was originally not quite vertical, and that if it is made so the 
response disappears. This conclusion is in agreement with the work of 
Steinhausen [1934], who concludes that the stimulation of the canals 
involves movement of the cupula; for although horizontal rotation of 
the type described above should produce momentarily a minute vortex 
in the ampulla, it is unlikely that such a vortex would in itself be capable 
of moving the cupula and so causing stimulation. 

It is now generally accepted that the physical process which is re- 
sponsible for the stimulation of the canals is not rotatory movement 
per se, but rather angular acceleration. It should be pointed out, however, 
that the results of the present investigation show clearly that, while the 
canals may be (and almost certainly are) stimulated by processes conse- 
quent upon angular acceleration, it is not angular acceleration that they 
signal to the brain. A glance at Fig. 9 B and C is sufficient to convince 
one that given certain conditions the canal receptors can, and do, dis- 
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charge for a time in the complete absence of either rotatory movement 
or angular acceleration. The same is true of the discharge which occurs 
at the onset of rotation, which may similarly continue for several seconds 
after constant velocity has been attained (although here it might be 
urged that the angular velocity cannot have been absolutely constant). 
It is apparent, however, from the records shown of the canal responses 
to small-arc tilting and rotation, that for all purposes of usefulness to 
the animal the canals mainly signal rotatory movement; for in the 
state of nature they contribute to the adjustment of the frog’s posture 
if the head is tilted or turned accidentally this way or that, and to 
keeping him straight and level during crawling, swimming, jumping, or 

other types of progression. It. is hard to conceive of any frequently 
occurring natural contingency which might subject a frog to several 
complete revolutions in any one direction. The biological usefulness of 
the canals therefore lies in their efficiency in signalling short, quick twists 
and turns of the head, under which conditions the possibility either of 
rotation in the absence of supra-liminal acceleration, or of 5 in 


the absence of rotation, is only trivial. 


While it is widely agreed that angular acceleration is the basal con- 
dition which sets up stimulating processes in the crista, there is con- 
siderable dispute as to just what the stimulating process consists of. 
It is obvious that if a canal is subjected to accelerated rotation in its 


own plane a flow of endolymph will tend to be set up within the canal; 


but whether, in the intact animal, such a flow actually takes place, or 
whether stimulation.occurs merely in virtue of the pressure brought to 
bear against the cupula by the fluid’stendency to flow;:is‘@ question 
that has been rather warmly debated. In a series of ingenious experi- 


ments on the pike; Steinhausen [1931, 1932, 1933, 1934] has succeeded 


in observing the exposed ampulla of the horizontal canal through the 
mieroscope and in watching the cupula deflect in response to conditions 
(such as rotatory accelerations) calculated to cause flowing movements 
of the fluid inside the canal. Nevertheless, his conclusions—viz. that 
adequate stimulation in the intact animal involves a deflection. of the 
cupula—have been condemned by Wittmaaék [1932 a, 1932 6, 1933, 
1935], mainly on the ground that a labyrinth in which the ampulla has 
been exposed is not in a physiologically normal condition, and that any 
observations made under such circumstances are likely to be misleading. 
Wittmaack believes that the cupula is essentially a pressure receptor, 


and that stimulation does not involve its displacement. 


It will be realized at once that the prolonged discharges obtained by 
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me (in preparations exhibiting no resting discharge), both as primary 
reactions and after reactions, have a very definite bearing on this point; 
for it is extremely unlikely that a difference between the endolymphatic 
pressures on either side of the cupula could exist in a stationary labyrinth 
for more than a fraction of a second. It seems practically certain that 
the end organs in the cupula are of the slowly adapting type; that they 
are stimulated by deflection of the cupula in one direction but not in 
the other; that when non-stimulating rotation ceases the cupula is de- 
flected in the stimulating direction by the inertial forces of the endo- 
lymph; and that the receptors continue their discharge, with declining 
frequency, while the cupula by virtue of its weakly elastic properties is 
gradually returning to its position of rest. Needless tosay, Wittmaack’s 
objection to the opening of the bony labyrinth does not apply here. 


DISCUSSION. 


It should be remembered that many of the findings of the present 
investigation are subject to the possible interference of coincidence or 
chance. For example, when a statement is made to the effect that the 
horizontal -canal does not respond to the onset of counter-clockwise 
rotation, it obviously means that nerve filaments containing fibres from 
the horizontal rotation receptor, and giving discharges to the onset of 
left-hand rotation have not been found. Strictly speaking, one ought 
not to assume their non-existence until one had tried every fibre from 
one particular horizontal canal and found that they all gave responses 
only to right-hand rotatory acceleration; but with the present technique 
this procedure is out of the question. On the other hand, the large 
number of cases in which a response only to right-hand acceleration has 
been observed makes it very unlikely that receptors for the other direction 


exist; but one must, in all fairness, admit the possibility. Similar criticisms 


might be urged against some of the other conclusions, and for the present 
these can be answered only by the claim of high improbability. 
Other points arising in connection with the findings have already 
been discussed. 
SuMMARY. 

A method is described whereby the functions and mechanism of the 
frog’s labyrinth may be studied, especially as regards the relations be- 
tween stimulus (gross or vibratory movement) and response (action 
potentials in the auditory nerve). : 

The types of response obtained are classified into several groups and 
sub-groups according to the characteristics of the stimuli which elicit 
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them, and the distinguishing ‘properties of the various groups are 
enumerated. 

Evidence is adduced in support of the belief that the source of a 
sensory discharge originating in the utricular macula, the saccular macula, 


or any of the three canal criste can be inferred with almost complete, 


if not complete, certainty. 

It is found that a vibration receptor, and at least one (and probably 
two) gravity receptors, are supplied by the posterior ramus of the 
auditory nerve. The labyrinthine receptor mechanisms for both gravity 


and vibration are thus at least twofold. 


Gravity receptors fall into two classes: type (i) Weben ig best when 
the head is tilted out of the level position, and type (ii) signalling only 
the return of the previously tilted head to level. Type (ii) receptors ha ve 
not been encountered often, but so far they have always been found on 
the posterior ramus. It is tentatively suggested that of the three organs 
of unknown function found on the course of distribution of the posterior 
ramus (t.e. the lagena, the pars basilaris, and the pars neglecta) one is 
a vibration receptor, one a gravity organ type (i), and the remaining 
one a gravity organ type (ii). No experimental evidence is yet available 
on the subject of which is which. 

It is concluded that the reactions of the utricular macula to slow tilt 
are not discontinuous; that the majority of its receptors react to only 
one of the two directions of tilting in the maximally-stimulating plane; 
and that the stimulating direction is the same whether the rate of tilting 
is rapid or slow. Attempts to reconcile these findings with the results 
of reflex studies on operated frogs have so far met with failure. 

The findings in connection with the semicircular canals are in com- 
plete agreement with the current theory that the criste are stimulated 
as a result of positive angular acceleration in one direction, or (what 
amounts to the same thing) negative angular acceleration in the other. 
The direction of the exciting positive acceleration has in every case been 
the same for any given canal; viz. it has always been ampulla-leading 
for the two vertical canals, and ampulla-trailing for the horizontal canal. 
It is shown, however, that the canals do not signal angular acceleration 
to the brain. Their action is found to be entirely consistent with 
Steinhausen’s concept of a deflecting cupula. 


It is @ pleasure here to express my indebtedness and appreciation for the help and 
advice kindly given me by Prof. E. D. Adrian and other workers in his department. 
I also wish to thank the administrators of the Royal Society of Canada Fellowships Fund 
for financial assistance. 
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SOLVENT WATER IN THE MAMMALIAN 
ERYTHROCYTE. 


By JOHN MACLEOD anv ERIC PONDER. 
(From the Biological Laboratory, Cold Spring Harbor.) 
(Received September 19, 1935.) 


Ir has been shown as a result of volume measurements by various 
methods that the swelling or shrinkage which the mammalian red cell 
undergoes in hypotonic and hypertonic solutions is much less than that 
of a “ perfect’ osmometer containing all of its water “free” [Ponder and 
Saslow, 1930, 1931; Macleod and Ponder, 1933; Ponder and 
Robinson, 19344; Ponder, 1935a, 6]. There are two possible explana- 
tions for this fact: (a) that the red cell is not a perfect osmometer, but 
that it loses salts at the same time as it takes in water, and (b) that part 
‘of its contained water is “bound”. We have taken the former point of 
view, partly because of Hill’s [1930] demonstration that at least 94 p.c. 
of the cell water is solvent water, and partly because under suitable 


conditions it is possible to estimate the salt loss from the cell [Ponder 


and Robinson, 19346]. Parpart and Shull [1935 al, on the other hand, 
believe that they have shown that only about 70 p.c. of the cell water is 
solvent water, and so can account for the abnormally small volumes 
attained in hypotonic solutions (which they too have found by hemato- 
crite methods) without abandoning the conception of the cell as a 
perfect osmometer. 

Parpart and Shull use a method involving the partition of ethylene 
glycol between the cells and the fluid surrounding them. It will be 
shown in this paper that such a method, when properly used, leads to a 
result similar to that given by Hill's vapour pressure method (i. e. that 

virtually all the cell water is solvent water), and not to the conclusion of 
Parpart and Shull. 
| I. Meruops. 

In our first few experiments we followed the technique used by — 
Parpart and Shull, viz. a determination of the quantity of ethylene 
glycol in the fluid surrounding the cells by means of a chromic acid oxi- 
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dation and an iodometric titration with sodium thiosulphate, potassium 
iodide, and starch. In this method the end point is far from sharp, and 
the results which we obtained, taking the end point to be where we 
thought it to be, proved quite different from those given by electrometric 
titration. We accordingly discarded the iodometric titration, and sub- 
stituted for it a titration with ferrous sulphate and potassium ferricyanide 
as an outside indicator. 

The procedure in detail is as follows. Defibrinated blood is obtained 
from the animal and the cells are washed four times in Ringer’s solution 
[Bayliss, 1924]. After the last washing the supernatant fluid is removed 
and the volume concentration of the relatively packed cells is found by 
means of a high-speed hematocrite. The packing is usually about 75- 

85 p.c. To 5c.c. of the packed cells is added 5; 0.0. of 0-30 M ethylene 
glycol in Ringer’s solution, and to another 5 c.c. of packed cells is added 
5 c.c. of Ringer’s solution. After mixing, the cells are thrown down, and 
the supernatant fluids from the two tubes are transferred to clean centri- 
fuge tubes. These are spun vigorously in order to remove any remaining 
cells, and 1 C. C. of each cell-free fluid is then diluted to 50 c.c. with distilled 
water. 

To find the quantity of oxidizable material in each supernatant fluid, 
1 c. c. of 0-1 N potassium bichromate and 5 C. c. of concentrated sulphuric 
acid (“pure micro”) are added to 1 C. c. of the diluted supernatant fluid. 
The boiling tubes containing the mixture are then placed in a water bath 
at 100° C. for 90 min., at the end of which time oxidation is complete. It 
seems necessary to use boiling tubes of a diameter less than 15 mm. in 
order to avoid steam distillation. After allowing the contents of the 
boiling tube to cool, they are washed into a 200 c.c. beaker with several 
washings of distilled water, and the bichromate remaining is titrated with 
0-02 M ferrous sulphate. The potassium ferricyanide indicator is prepared 
by dissolving about 30 mg. of the ferricyanide in about 100 c.c. of water, 
and is placed in the cavities of porcelain test plates; three or four drops 
of the solution which is being titrated are added to the ferricyanide with 
capillary pipettes as successive amounts of ferrous sulphate are added, 
and as the end point is approached the addition of the ferrous sulphate is 
made in steps of 0-02 c. C. In each experiment blank titrations are carried 
out using 1 c.c. of bichromate in order to make certain of the stability of 
the end point, and we have usually carried out each titration in triplicate 
or quintuplicate. | | 

The end point is exceedingly sharp, and, in any one titration the 
precision is certainly as good as 0-25 p.c., which is at least four times as 
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good as the precision attainable with the iodometric titration. Taking 
into account all possible errors, however, including the possible error in 
delivery of the bichromate from the micropipette, the error of the method 
can be placed conservatively at about + 1-2 p. o. This seems a very small 
error, but as a matter of fact it is not, for a + 1-2 p. c. error in the titration 
usually corresponds to a +10 p.c. error in the estimate of “free” water. 

We have encountered a number of difficulties with this method, and 


these may be listed briefly so that other investigators may be on their 


guard against them. (a) A small degree of hemolysis often results from 
the pipetting of the 5 c.c. of packed cells into the tubes to which ethylene 
glycol. or Ringer’s solution is to be added, and this is particularly liable 
to occur when the cells of the rabbit are used. Only if the degree of lysis 
is small and only if it is the same in the case of the tube which has received 
the ethylene glycol and in that of the tube which has received the Ringer’s 
solution can one proceed with the experiment. The lysis seems to be due 
to the drawing up of the packed cells over the glass surface of the pipette: 
(6) The blank titrations must be repeated every day, for the ferrous 
sulphate changes in reactivity with time. (c) The heating of the boiling 
tubes must be continued for at least 60-90 min., for only after this time 
is the oxidation complete. One of the principal objections to Parpart 
and Shull’s method is that they did not heat their mixtures in a water 
bath, and that they relied on the heat of reaction between the sulphuric 
acid and the other components of the mixture to produce the temperature 
necessary for complete oxidation. (d) It is necessary to add concentrated 
sulphuric acid to the supernatant fluid and bichromate in the boiling 
tubes, and, if this is done, it is necessary to dilute the supernatant fluids 
with distilled water rather than with Ringer’s solution. (e) The blue 
colour which appears on the test plates when excess ferrous sulphate has 
been added, and the appearance of which marks the end point, must be 
allowed about 10 min. to develop, for only under these circumstances does 
its appearance indicate the same end point as is obtained with an 
electrometric titration. 

The total water in the cell is obtained by drying to constant weight 
at 60° C., due allowance being made for packing [see Macleod, 1932; 
Macleod and Ponder, 1933}. | 


II. 


Table I gives results obtained with the cells of man, the rabbit, the ox, 
and the sheep. M, represents the quantity of oxidizable substance present 
in the supernatant fluid derived from the suspension to which ethylene 
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I 
M, M. R 
Man 1 0-187 . 0-016 1-10 
0-186 0-012 
0-177 0-012 1-15 
Rabbit 1 0-186 0020 1-15 
8 0-175 0-014 1 
» 38 0-189 0-018 1-07 
Ox 1 0-168 0-000 1-10 
3 0-187 0-013 0-94 
we 0-174 0-008 0-96 
Sheep 1 0-184 0-008 1-00 
3 0-181 0-013 0-92 
ae 0-174 0-93 


Mean 1-03 +0-0236 


glycol was added, and is expressed in mols of ethylene glycol. M, 
represents the quantity of oxidizable substance present in the superna- 
tant fluid derived from the suspension to which Ringer’s solution alone 
was added, and this too is expressed in mols of ethylene glycol because it 
appears as such in the titration of the supernatant fluid containing 
glycol; if the quantity of actual ethylene glycol in the supernatant fluid 
is required, M, must be subtracted from M,. Under these circumstances 
the values of R shown in the third column result, R being the fraction of 
the total cell water which is free or solvent water. Allowing for the 
fact that a +10 p.c. error in the value of R may occur, the figures show 
that virtually all the water in the cell is solvent water. It is obvious that 
if the small quantity of oxidizable substance present in the Ringer’s 
solution surrounding the cells is not allowed for, the value of R becomes 
consistently lower, this leading to the conclusion that some of the cell 
water is “bound”, Parpart and Shull [19355] say that washing red 
cells four times with Ringer’s solution rids the cells of diffusible oxidizable 
substances in the interior and of oxidizable substances in the plasma, but 
this has not been our experience; it is rather doubtful whether Parpart 
and Shull, with their incomplete oxidation and their iodometric titration, 
could have detected values of the magnitude shown in the column for 
III. Discussrox. 


The whole question of the existence of bound water in the red cell 
has arisen because of the observation that the cell swells less in hypotonic 
solutions, and shrinks less in hypertonio solutions, than a perfect 
osmometer with all of its water free would be expected to do. In a 
long series of papers Jacobs and Jacobs and Parpart [Jacobs, 1930, 
1932; Jacobs and Parpart, 1931, 1932, 19325, 1933, 1934] have 
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treated the mammalian red cell as a “perfect” osmometer, altering its 
volume in hypotonic solutions by water exchange alone, and not losing 
salts in the process. This view is consistent with the facts as long as 
volumes are not measured in absolute units [Ponder and Robinson, 
1934 a]; when they are, it becomes necessary to account for the abnormally 
small swelling in hypotonic solutions either on the basis of there being 
“bound” water, or on the basis of the cell’s losing osmotically active 
substances as it takes in water.’ Since both Hill’s thermopile method 
and the ethylene glycol partition method show that there is virtually no 
“bound” water, the volume changes which are observed in hypotonic 
solutions have to be accounted for on the basis of the cell’s being an 
“imperfect” osmometer, at least under the conditions of the experiments. 

In conclusion, we may mention several points which require to be 
considered by anyone who maintains that any large part of the red cell 
water is bound“. 

(1) Hill [1930] has shown that the sum of the electrolytes in the red 
cell, when dissolved in all the contained water, is just sufficient to produce 
within the cell a tonicity equal to that of the surrounding plasma. If 
some 18-41 p.c. of the water is considered as “bound”, the same per- 
centage of the electrolyte must be “bound” too. There is no evidence 
that any such extensive “binding” of electrolyte takes place. 

(2) If 18-41 p.c. of water and the same percentage of electrolyte exist 
in a “bound” state, it becomes impossible to account for the internal 
conductance of the red cell at 16 million cycles [Fricke, 1933; Fricke 
and Curtis, 1935]. 

(3) When obtained from volume determinations the values of R 
vary enormously, and much of this variation has been traced to the use 
of potassium oxalate as an anticoagulant [Ponder and Robinson, 
| 1 Parpart and Shull, referring to Ponderand Saslow’s [1931] hypothesis for the loss 

of osmotically active substances into hypotonic solutions, write: “It is much more difficult 
for us to conceive of a diffusion process (involving salts) proceeding to a fixed point far 
from equilibrium conditions in such a system as we have been discussing than to suppose 


that no such diffusion process takes place and that Ponder and Saslow’s results represent 
an erroneous value for the non-solvent water in the cells.“ Reference, however, to Ponder 
and Saslow’s equations will show that the outward diffusion of osmotically active subst : 
does not stop short at a point far from equilibrium, but only when the water intake has ceased 

and when osmotic equilibrium is re-established. Par part and Shull’s difficulty seems to 
be that of conceiving a diffusion process involving a salt, such as KCl, which, when once 
started, stops when an osmotic equilibrium, but not a concentration equilibrium, is reached. 
This difficulty is a real one only if the cell membrane is thought of as having the same 
properties before, during, and after stretching, but Ponder and Saslow’s hypothesis 
implies that the permeability is altered during the stretching [see also Ponder, 1935a], 
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1934 a]. With defibrinated blood, for example, the cells swell in hypotonic 
solutions as if the value of R were from 0:8 to 0-9, whereas in the case of 
oxalated blood they swell as if the value of R were from 0-5 to 0-6, and 
the only way in which such results can be accounted for on the basis of 
the cells being perfect osmometers containing bound water is to 
suppose that the addition of oxalate virtually doubles the “bound” 
water in the cell. The principal difficulty in accounting for the abnormally 
small volume changes in hypotonic solutions on the basis of “bound” 
water is, in fact, the great variability in the amount of water which has 
to be considered “‘bound”’; if the volume changes are accounted for on 
the basis of leakage, on the other hand, it is not difficult to understand 
the variability. 

‘ SuMMARY. 

The data obtained from the distribution of ethylene glycol between 
mammalian red cells (man, rabbit, ox, and sheep) and the fluid surround- 
ing them show that virtually all the cell water is solvent water. Parpart 
and Shull’s result, which appeared to show that only about 70 p.c. of 


the water is solvent water, is due to their having failed to recognize small 


quantities of oxidizable substances in the fluid surrounding the cells, and 
also, in all probability, to an omission to heat their bichromate-glycol- 
sulphuric acid mixtures. 
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A METHOD FOR DETERMINATION OF CARBON 
DIOXIDE APPLICABLE TO BLOOD AND TISSUES. 


By G. V. ANREP, M. S. AYADI AND M. TALAAT. 
(From the Physiological Laboratory, University of Cairo, Egypt.) 
| (Received September 23, 1935.) 


THE object of the work described in the present communication was to 
evolve a method for the determination of the total carbon dioxide in 
tissues which would approximate in exactness methods at present used 
for blood. 

Several methods have been suggested during the last eight years. 
Brockelhurst and Henderson [1927] determined the rate at which the 
pressure of carbon dioxide rises in the body when a certain amount of the 
gas is stored and also the rate of fall of the carbon dioxide pressure when 
the content of the carbon dioxide is diminished. The results of this 
method indicated so low a carbon dioxide combining power of tissues 
that more than half of the total capacity of the body was found to be 
due to hemoglobin. Shaw [1926] made similar experiments on cats, 
measuring the amount of carbon dioxide stored for a given rise in the 
carbon dioxide tension of alveolar air. Fenn [1928] was the first to 
advance a direct method for carbon dioxide determination in tissues. 
Exposing small pieces of tissues to a known carbon dioxide tension in a 
differential volumeter, he measured the rate at which the gas was taken 
up by the tissue. The total amount of carbon dioxide present was deter- 
mined after equilibration by treating the tissue with acid. Another 
method was also suggested by Fenn. The tissue, after having been 
divided into small particles, was exposed to a stream of air and the carbon 
dioxide evolved from it was trapped in barium hydroxide where it was 
titrated electrometrically. Stella [1929-30] working independently intro- 
duced a method similar in principle to that used by Fenn. Ferguson 
and Irving [1929] used an apparatus which is in essential points similar 
to the van Slyke manometric blood gas apparatus except that arrange- 
ments are made permitting the introduction of small pieces of tissues into 
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the evacuating chamber. When inside the apparatus the tissue is treated 
in the same manner as blood except that a larger amount of acid is used 
in order to expel the carbon dioxide. Irving, Foster and Ferguson 
[1932] used this method for the construction of the carbon dioxide 
dissociation curve of mammalian muscle after exposing the animal to 
different tensions of the gas, Krogh and Brandt [1930] advanced a 
method, the principle of which consists in exposing the tissue to a vacuum 
and absorbing the carbon dioxide with baryta which is subsequently 
titrated. The method is claimed to be suitable for analysis of 50-100 mg. 
of tissue. 

The chief difficulty which makes the above methods lengthy and 
cumbersome lies in the fact that in all of them the samples of tissue are 
treated, so to speak, in bulk, sometimes with only a rough breaking up 
by mechanical means. The same pliability and exactness of carbon di- 
oxide determination in tissues as we have for blood can be achieved only 
after subjecting the tissue to a preliminary process of liquefaction. There 
would be then no difficulty in treating tissues 1 in exactly the same way as 
is used at present for blood. 

Three possible ways for liquefying tissues suggested themselves—by 
enzymes, by acid hydrolysis and by alkali hydrolysis. Since the first two 
are to be rejected for obvious reasons, we concentrated our attention on 
alkali hydrolysis, However, before applying the method to tissues it had 
to be first tested on some material the correct carbon dioxide content of 
which could be determined by any of the recognized methods and then 
compared with the results of our method of alkali hydrolysis. The most 
suitable material was obviously blood. 

Preliminary experiments. The technique of the preliminary experi- 
ments was to hydrolyse in a boiling water bath 10 0. c. of blood in 5 c.c. 
of 15-20 p.c. carbon dioxide free caustic soda under paraffin for 30 min. 
A control tube containing 10 C. 0. of evacuated triple-distilled water, 
instead of blood, in the same amount of alkali was kept in the bath for 

the same length of time. The analysis of the carbon dioxide in the 
hydrolysate and in the control was then made. The manometric technique 
of van Slyke was used with the only modification that the concentration 
of the acid employed for the liberation of the gas was increased to about 
1 N so as to neutralize the excess alkali in the hydrolysate. 

The first experiments showed that the method in this simple form is 
unsuitable, since the hydrolysates always yielded an appreciably larger 
amount of carbon dioxide than the untreated blood. For example, three 

samples of blood which contained 40-65, 48-57 and 54-65 c.c. per 100 c. o. 
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gave by the alkali hydrolysis method 48-50, 56-18 and 61-29 c.c. per 
100 ¢.c., a discrepancy of 7-8 c.c. per 100 c. o. 

The increase of the carbon dioxide content of the hydrolysate could 
theoretically be due to four reasons: (1) concentration of the hydrolysate 
by evaporation in the boiling bath, (2) absorption of carbon dioxide from 
the atmosphere, (3) an apparent increase of the carbon dioxide content 
on account of production of some other gases which like carbon dioxide 
are expelled, during the analysis, by acids and absorbed by alkali, 
(4) disintegration of some blood constituents with the liberation of 
additional amounts of carbon dioxide. These four possibilities were oon- 
sidered one by one. The first two were discarded at once, since the control 
tubes which contained no blood but had the same amount of alkali 
remained unchanged as regards their carbon dioxide content even after 
standing in the water bath for several hours. The cause of the change lies 
in the third and fourth possibilities. 

During alkali hydrolysis of blood or of any other tissue there is a 
production of sulphides which on acidification give rise to hydrogen 
sulphide and behave in the blood gas apparatus in the same way as 
carbonic acid. The interfering action of the hydrogen sulphide was 
eliminated by dissolving some copper sulphate in the acid used for the 
liberation of carbon dioxide. This procedure did not, however, abolish 
the discrepancy between the direct determination of the carbon dioxide 
in the blood and the determination of it in blood hydrolysates. For 
example, blood samples containing 27-40, 40-96 and 51-74 c.c. per 100 c.c. 
were determined without the use of copper sulphate as containing 34-26, 
46-31 and 59-86 c.c. per 100 C. 0. With the use of 1 p.c. copper sulphate 
they gave results of 31-43, 44-08 and 56-15 c.c. per 100 0. 0. respectively. 
The difference is definitely reduced (from 7-8 C. 0. per 100 0. o. to about 
4 0.0. per 100 0. c.), but it is still considerable. 

In order to investigate the fourth possible source of error, various 
known organic constituents of blood and tissues were subjected to alkali 
hydrolysis and their carbon dioxide content was determined. The 
substances were used in various concentrations which were, however, 
always higher than those in which they are normally present in the blood. 
Glucose, glycogen, various proteins, lactic acid, glycine, alanine, cystine, 
tryptophane, and tyrosine gave absolutely negative results. The carbon 
dioxide content of the solutions of these substances or of their mixtures 
did not increase after alkali hydrolysis i in a boiling water bath for over an 
hour. On the other hand urea, uric acid and creatine showed an appreci- 
able disintegration with liberation of carbon dioxide. 
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A series of experiments was then made in order to determine the 
conditions under which the disintegration of these substances could be 
obviated. The following factors were considered: (1) the concentration 
of the alkali used, (2) the duration of the hydrolysis, and (3) the tempera- 
ture at which the hydrolysis was conducted. Urea was considered first, 
since it appears in the blood in higher concentrations than any other 
of these interfering substances. 3 c. 0. of a urea solution (50 mg. per 
100 c.c.) in evacuated water were hydrolysed in 4 0.0. of caustic soda 
solution under paraffin at the following temperatures and concentra- 
tions: at 100°C. in 1:5 p.c. of alkali, at 80°C. in 3-0 p. o. alkali, at 
65° O. in 5-0 p.c. alkali. Thus the concentration of the alkali was in- 
creased as the temperature, at which the hydrolysis was conducted, was 
decreased. After hydrolysing the mixtures for 45 min. the carbon 
dioxide contents were compared with those of the control tubes which 
were kept in the water bath under precisely the same conditions except 
that the urea solution was replaced by the same amount of carbon dioxide 
free water. The results of these determinations were definite in showing 
that the temperature plays a far greater role in the disintegration of 
urea than the concentration of the alkali. The difference between the 
first two urea samples and their respective controls was 4-2 and 1:2 c.c. 
per 100 c.c. The urea sample hydrolysed at 65° C. in 5-0 p.c. alkali showed 
no change as compared with its control. Higher concentration of urea 
gave similar results. 

Since creatine on alkali hydrolysis gives rise, at first, to urea, the two 
substances were expected to behave in a like manner. This was actually 
the case. Hydrolysis of creatine in concentrations up to 3 p.c. carried out 
for 30-45 min. in a 5 p.c. solution of caustic soda gave no determinable 
difference in its carbon dioxide content as compared with the control. 
Uric acid behaved in the same way. The following gives an example of 
an experiment in which these substances were compared. For example, 
3 0.0. of a solution of uric acid (30 mg. per 100 c.c.) when hydrolysed at 
100° C. in 5 p.c. caustic soda yielded 1-68¢.c. CO, per 100 0. c.; when the 
same solution was hydrolysed at 65° C. no carbonic acid was produced. 
A 0-3 p.c. solution of creatine under the same conditions yielded 1-96 c.c. 
per 100 0.0. in boiling water and none at 65°C. It follows from these 
figures that the interfering action of these substances can be eliminated 
by controlling the conditions at which the hydrolysis is conducted. 

The method of alkali hydrolysis as applied to blood. The question now 
arises whether urea, uric acid and creatine are the only substances which 
give an extra amount of carbonic acid on alkali hydrolysis of blood or 
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whether there are some other substances present which may disintegrate 
with a liberation of carbonic acid under the conditions when urea, uric 
acid and creatine are stable. In order to answer this question a sample 
of blood which contained as an average of four determinations by two 
workers 51-41 0.0. CO, per 100 0. o. (+01) was hydrolysed, as in the case 
of urea, for 30 min. in five tubes, at different temperatures and concentra- 
tions of alkali. The determinations of the carbonic acid in the hydrolysates 
were carried out in presence of a small amount of copper sulphate. The 
results are given in Table I. 


Taste I. 
Concentration Tem Carbon dioxide 
of NaOH (p.c.) °C. 0.0. per 100 c.c. 
1 1˙5 98 56°85 
2 2-0 90 52-89 
3 3-0 80 52-20 
4 4-0 70 51-69 
5 5-0 60 51-26 


It must be remembered that the permissible error of the manometric 
van Slyke method is about 0-1 0.0. per 100c.c. This error has to be 
multiplied in the case of the above experiment by 3-2, which is the extent 
of dilution of the blood sample. Thus the determinations lying within the 
range of the fourth and fifth tubes are admissible. Since, however, in 
other experiments blood when hydrolysed at 70° C. usually gave slightly 
higher results than at 60-65° C., it is not advisable to raise the temperature 
above 65° C. Table II gives a number of determinations of the carbon 
dioxide content of different bloods by the direct method and by the 
method of alkali hydrolysis. 


Tann II. The hydrolysis was carried out for 30 min. at 65° C. in 5 p. o. NaOH, and copper 
sulphate was used in all the determinations. The carbon dioxide content of the blood 


samples is give in c.c. per 100 0. o. 


Method of alkali Method of alkali 
Direct method h Direct method hydrolysis 
12-19 11-95 44-81 44-47 
21-78 21.91 49-60 49-79 
37-32 37-25 53-32 53-70 
40-92 41-09 63-75 63-85 


In order to stress once more the importance of using copper sulphate 
during the analysis of the hydrolysates, we should like to mention that 
the first and last blood sample gave results of 18-10 and 69-47 0. o. per 
100 0.0. when the copper sulphate was omitted. 

Further investigation was performed,in order to determine how far 
the alkalinity of the hydrolysates and the duration of the hydrolysis 
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could be increased without appreciably affecting the results. Table III 
shows that the alkalinity can be increased to about 7 p.c. of caustic soda 
and the time of hydrolysis to 45 min. without much harm. We feel, 
however, that in recommending this method it is safer to err on the 
conservative side. 


—e The hydrolyses are made at 64° C. The carbon dioxide content 
of the samples is given in c.c. per 100 c.c. 


Determination by alkali hydrolysis 


Direct in ö pe. NaOH In 7 p.c. NaOH In 10 p.c. NaOH 
determi- 


— 
nation 30 min. 45min. 60 min. 30 min. 45min. 60 min. 30 min. 60 min. 
6168 51.75 51-89 «51-80 52.00 52-00 «52-72 «53-89 
62-21 6201 62:23 62.45 61:95 62:30 — 63-05 — 
55-46 6567 56˙17 5545 5601 — 6823 

It follows that using a 5 p. c. caustic soda the hydrolysis can be 
safely continued up to 45 min., while the concentration of the caustic 
soda can be increased to 7 p. C. when the duration of the hydrolysis does 


not exceed 30 min. But again it is preferable to limit the hydrolysis 


by a concentration of 5 p. 0. and by a duration of 30 min. 

The method of alkali hydrolysis as applied to tissues. The primary object 
of this work was to elaborate a simple and exact method for determina- 
tion of the carbon dioxide in tissues. Therefore the question immediately 
arises whether a piece of tissue will undergo liquefaction if subjected to 
a 30 min. hydrolysis at 65° C. in a 5 p. o. solution of caustic soda. The 
majority of soft tissues were found to do so, especially when small pieces 
were used. The kidney and some mucous membranes hydrolyse slower 
than muscle tissue. Tissues containing a large amount of fat and lipoids 
present some difficulty on account of the layer which these substances 
form underneath the paraffin. However it may be for such special cases, 
the great majority of tissues are hydrolysed to a sufficient extent so that 
their hydrolysates can be used with ease for the determination of carbon 
dioxide. The hydrolysis need not be complete; a certain amount of shreds 
of connective tissue and a lot of finely divided organic matter usually 
remain. On standing, the unhydrolysed matter collects in a layer under 
the paraffin but as soon as the tube is shaken it becomes evenly distributed 
in the fluid. Frequently the hydrolysate jellifies on cooling; on warming 
to room temperature it liquefies at once. Shaking of the tube during the 
hydrolysis of the more resistent tissues. considerably accelerates their 
liquefaction. 

In its final form the method of alkali hydrolysis was applied to tissues 
as follows. 4 C. c. of 5 p. o. carbonate-free caustic soda are introduced under 
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paraffin into a test-tube marked to contain 7 C. c. The tube is corked with 
a rubber stopper and weighed. It is then warmed to 70-75° C. About 
1-0-1-5 g., of tissue to be analysed are rapidly excised, divided into small 
pieces and immediately dropped under the paraffin into the hot alkali. 
The tube is then placed in a water bath at 60-65° C., where it is kept with 
occasional shaking for 30 min. or less if the liquefaction is sufficient. After 
the end of the hydrolysis the tube is well dried and weighed again so as 
to determine the exact amount of tissue taken. A great number of trials 
have shown that this method of weighing before and after the hydrolysis 

is absolutely exact. The hydrolysate is cooled to room temperature and 
brought up to the 7 C. 0. mark with freshly evacuated distilled water. 
The analysis is then carried out, in the usual manner, in 1 C. c. samples, 


- except that a 0-4 N sulphuric acid containing 1 p. c. of copper sulphate is 


used for the liberation of the carbonic acid. The quantities of each reagent 
are precisely the same as in blood analysis. Parallel with the hydrolysate 
a control tube is kept in the same water bath. The control tube contains 
1-0 C. e. of carbon dioxide free water instead of the tissue. At the end it is 
analysed, in the same way as the hydrolysate, in order to determine the 
extent of the contamination of the alkali with carbon dioxide. The dif- 
ference between the carbon dioxide contents of the two tubes represents 
the carbon dioxide content of one-seventh of the weight of tissue taken 
for the analysis. The temperature correction factors are the same as those 
used by van Slyke and Neill for blood [1924]. 

A number of preliminary trials had to be made before the method 
could be accepted in the above form for the analysis of tissues. The 
question immediately arises whether the assumption can be made that 
since blood, when hydrolysed under the above conditions, shows no 
change in its carbon dioxide content, tissues would behave in the same 
manner. The following experiment shows that such an assumption is 
justified. About 10 g. of frog muscle were finely divided and placed in a 
vacuum desiccator with the object of evacuating all the carbon dioxide 
present. A few cubic centimetres of 0-2 M lactic acid were added to the 
mashed up muscle tissue to help the evacuation of the carbonic acid. At 
various intervals of time, samples of the muscle were taken for the analysis 
of carbon dioxide by the standard method described above. To start with, 
the mixed muscle tissue contained as a result of three determinations 
23-76 0.0. per 100 g. Fifteen minutes of evacuation reduced it to 8-31 c. o. 
per 100 g., after 30 min. it was 0-90c.c. per 100 g. and when the 
analysis was made 1 hour after the beginning of the evacuation no carbon 
dioxide could be found. The analysis was repeated after 90 and 120 min. 
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of evacuation, the result remaining negative. Two hours after the 
beginning of the evacuation a sample of the same muscle was hydrolysed 
for 30 min. in a boiling water bath instead of at 65° C. The carbon dioxide 
of the hydrolysate was determined as 12:12 c.c. per 100 g. with copper 
sulphate and as 19-55c.c. per 100 g. when the copper sulphate was not used. 

The above experiment speaks for itself. Under the standard condition 
of the alkali hydrolysis no carbon dioxide is formed from any of the 
constituents of the muscle tissue, and only that carbon dioxide is deter- 
mined which has been already present in the tissue. This holds good for 
muscles and for some glands of external secretion. It would be, however, 
premature to state that all tissues without exception behave in the same 
manner until specially conducted preliminary tests are made. The use of 
copper sulphate during the analysis is essential even when the hydrolysis 
is conducted at 60° C. For example, the thigh muscles of three frogs were 
hydrolysed by the standard method. The carbon dioxide determined in 
absence of copper sulphate was found to be 21-8, 20-9 and 22-5 c. o. per 
100 g. for the three samples. In the presence of the copper sulphate the 
carbon dioxide was determined as 20-7, 19-3 and 21-1 ¢.c. per 100 g. for 
the same frogs respectively. The temperature control between 60 and 
65° C. is, if anything, more important for tissues than for blood. The 
amount of creatine in muscles is relatively large, so that even a small 
disintegration of it will cause a considerable error. It will be remembered 
that the error in the determination of the carbon dioxide in blood due to 
raising the temperature to boiling was of the order of 4 0. c. per 100 c. o. 
In the case of the muscle it is considerably larger. For example, the thigh 
muscles of the left legs of four frogs were hydrolysed at 60° C., while those 
of the respective right legs were hydrolysed at boiling point. In the first 
four hydrolysates the carbon dioxide was determined as 21-2, 22-3, 20-9 
and 21-6 c.c. per 100 g., while in the second four it was 35-2, 33-1, 37-4 
and 32˙4 C. 0. per 100g. Hydrolysis at any temperature between 60 and 
70° Y. gave correct results, those at 70° C. being always slightly higher 
(about 0-5 c.c. per 100 g.). 

The interval between the dissection of the tissue and the beginning of 
its hydrolysis must be as short as possible. Usually in our experiments it 
did not exceed 20 sec. The following figures indicate the error which may 
be introduced by a more lengthy manipulation. The muscles of one leg of 
each of a series of frogs were dissected in the usual manner. The other 
legs were exposed to air for 5 min. The average diminution of the carbon 
dioxide was found to be about 3c.c. per 100g. No difference was found 
whether the skin of the exposed legs was left intact or removed. 
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Once the tissue has been hydrolysed it can be kept for a considerable 
time without any change in its carbon dioxide content. Two hydrolysates 
of frogs’ muscles were prepared. One was stored at room temperature, 
while the other was placed in an ice chest at 0° C. Analyses of the carbon 
dioxide of the two samples were made at intervals of 24 hours. The first 
sample contained, immediately after the termination of the hydrolysis, 
23-08, and the second 21-28 c.c. CO, per 100g. On each of the consecu- 
tive days the first sample gave 23-10, 23-48, 23-55 and 24-69 c.c. per 
100 g.; the second sample gave 21-26, 21-35, 21-40 and 21-59 b. 0. per 
100 g. 

Summary. 


1, A method for the determination of carbon dioxide in tissues is 
described. The method is also applicable to blood. 

2. The method presents the following advantages. A large number of 
tissue samples can be dealt with in a single experiment. The actual 
analysis of the carbon dioxide content can be postponed to the day fol- 
lowing an experiment. No special apparatus besides the manometric van 
Slyke blood gas apparatus is required. The analysis is performed 
considerably more rapidly than by any other method used for tissues. The 
method is not limited to any fixed amount of tissue. The weighing of the 
tissue sample is conducted without any loss of carbon dioxide. Several 
analyses can be performed on the same sample of tissue. 

3. The accuracy of the method is of the order of 0-5 o. o. carbon 
dioxide per 100 c.c. tissue. } 


REFERENCES. 


Brockelhurst, P. J. and Henderson, Y. (1927). J. biol. Chem. 72, 665. 
Fenn, W. O. (1928). Amer. J. Physiol. 85, 207. 

Ferguson, J. K. W. and Irving, L. (1929). J. biol. Chem. 84, 143. 
Irving, L., Foster, H. C. and Ferguson, J. K. W. (1932). Ibid. 95, 95. 
Krogh, A. and Brandt, P. (1930). Biochem. Z. 225, 177. 

Shaw, L. A. (1926). Amer. J. Physiol. 79, 91. 

Stella, G. (1929-30). J. Physiol. 68, 49. 

van Slyke, D. D. and Neill, J. M. (1924). J. biol. Chem. 61, 523. 


“ 
q 
ra 
. 
‘ 
. 
* 
. 
© 
3 
ihe 
* 
7 
J 
4 
* 
* 
8 


162 


612.741. 6: 546. 32 


THE EFFECT OF POTASSIUM ON THE EXCITABILITY 
AND RESTING METABOLISM OF FROG’S MUSCLE. 


By D. Y. SOLANDT (University of Toronto Fellow). 
(From the Department of Physiology, University College, London.) 
(Received October 5, 1935.) 


Fnod's muscle soaked in Ringer’s solution containing from three to eight 
times the normal K-ion content becomes inexcitable, the effect being 
reversed by washing in normal Ringer. Duliére and Horton [1929] 
linked this effect with the spontaneous and reversible inexcitability which 
occurred if the muscle was not bathed in Ringer’s fluid following dis- 
section. In this case the K freed from the injured fibres produced the 
inexcitability. | 

Having cause to render muscles inexcitable with K, it was observed 
that the effectiveness of K, as an agent for producing inexcitability in 
frog’s muscles, underwent marked seasonal variations. Further, increas- 
ing the K content of the Ringer’s fluid bathing a muscle was found to 
produce a great increase in its resting metabolism, as measured by the 
resting heat production. Fenn [1930] has recorded an increase in oxygen 
consumption under various conditions of inexcitability. The present paper 
deals with the experimental investigation of K inexcitability and K 
increment of resting metabolism and their possible correlation. 


METHOD. 


The studies on excitability and on resting metabolism were usually 
carried out simultaneously on the same preparation. Excitability was 
tested after the value for resting metabolism had been obtained. 

The double sartorius preparation from the frog, usually Rana tem- 
poraria (Belgian or English), but occasionally R. esculenta (Hungarian), 
was used. It was mounted on a Downing-Hill muscle thermopile 
specially designed for resting heat measurements. The instrument re- 
sembles the usual muscle thermopile [Hill, 1928], but has only fifteen 
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constantan-manganin couples of wire 0-0006 mm. in diameter. These are 
held between very thin wafers of mica. Thus heat conduction between the 
junctions in thermal contact with the muscle and the “cold” junctions is 
minimized. The instrument is housed in a brass chamber into which 
solutions may be run for bathing the muscle, A thread leads from the 
muscle to a lever outside the chamber. Stimulating electrodes are in 
permanent contact with the muscles when they are mounted on the 
thermopile. The apparatus, set up as described, was immersed in a water- 
bath thermostat at least 1 hour before any readings of resting heat 
production were made. 


A Downing moving-coil galvanometer was used. The apparatus was 


calibrated in absolute units of heat by passing condenser discharges 
through a killed muscle, or Ringer-soaked filter paper of similar dimen- 
sions, set up on the thermopile in the usual way. The energy, which could 
be calculated from the capacity and the charging voltage, was dissipated 
as heat over the length of the muscle, which was of such a high resistance 
that other resistances in the circuit could be neglected. Discharging the 
condenser through the muscle at a steady rate (say sixty alternating 
discharges per minute), the steady reading of the galvanometer was noted. 
The heat production per minute which this reading represented was 
calculated. The linearity of the response of the thermopile-galvanometer 
system was tested by finding the rate of heat production required to 
maintain various deflections covering the entire scale used in the 
experiments. 

When frequent readings had to be made between applications of a 
solution it was withdrawn from the thermopile chamber into an adjacent 
receptacle which was also immersed in the water bath. When the reading 
had been made the fluid was returned directly into the thermopile 
chamber. In this way readings could be repeated every 10 min. 

In all cases, unless otherwise mentioned, oxygen was kept running 
slowly through the thermopile chamber. 

The Ringer’s solution used as normal contained 6-25 g. NaCl, 0:15 g. 
KCl, 0-20 g. CaCl,, made to 1-0 litre with distilled water. Any other salts 
introduced were added to this Ringer in the form of isotonic solutions. 
This involved a small decrease in the percentages of the normal contents 
of the Ringer. However, these slight changes were reproduced inde- 
pendently, and no resulting alteration in either excitability or resting 
heat production could be detected. 


4 
1. * 
> 
— 
. 
> 
| i” 
2 
4 
al 
in 
7 
* 
? ‘$3 
2 
3 
* 
0 
¥ 
E 
cag 
« 


164 D. T. SOLANDT. 


RESULTS. 
Eæoitabilit. Table I shows the results of the investigation of seasonal 
changes in K-induced inexcitability in frog’s muscle. R. temporaria 


Tasiz I. Production of inexcitability in frog’s sartorius muscle. 
Onset of inexcitability after dissection 


E. temporaria, Bathed in 
and Belgian. Spon Ringer with Bathed in 
R. esculenta, Hungarian, (not bathed in 4 x normal with 8 x normal 
gave similar results) Ringer KCl KCl 
1-2 hours 1-2 hours Approx. 1 hour 
(May—August) 
Winter frog 4-6 hours 8-10 hours 6-8 hours 
(September-April) 
4 
— 


7 7 8 
K-ion concentration (K-ion conc. normal Ringer = 1) 


Fig. 1. Resting heat production of frog’s (R. temporaria—Belgian) sartoriust muscle with 
Ringer’s fluid containing various concentrations of K ions. Curve constructed from 
several interlocking series. Increment falls off rapidly above point A, till none can be 
detected with K concentrations above fifteen times normal. 


(Belgian and English) and R. esculenta (Hungarian) were used and all gave 
the same results. Muscles from “winter” frogs (September to April) were 
consistently more resistant to K-induced inexcitability than those from 
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“summer’’ frogs (May to August). This was true for spontaneous in- 
excitability or that induced by bathing the muscle in K-rich Ringer. 

The time of change from winter to summer response coincided 
with the breeding season. The onset of the change was rapid and was 
cvincident with the onset of breeding. The change from summer to 
„winter response was more gradual and was apparently in progress 
from August to October and possibly later. 

Resting metabolism. Increasing the K content of the Ringer’s solution 
bathing a frog’s sartorius produced a marked increase in resting heat 
production. In oxygen the rate of resting heat production with K may 
be over twenty times the normal value in the case of R. temporaria and 
about half this for R. esculenta. The increment was approximately halved 
in nitrogen. Fig. 1 shows that eight to ten times the normal K gave the 
maximum increment. Concentrations of K up to three times the normal 
gave no increase in resting heat production; in a number of experiments 
the resting heat value in three times normal K was actually lower than 
in normal Ringer. Concentrations over fifteen times the normal gave no 
increase in resting heat production and irreversibly damaged the muscle. 
A concentration of about thirty times (approximately the concentration 
of K inside the muscle fibre) produced contracture. 

The K increment of resting heat was readily reversed by washing the 
muscle in normal Ringer’s solution. Indeed, the increment and its 
reversal could be accomplished several times on the same preparation. 

The increment in resting heat produced by stretching the muscle 
Feng, 1932] is obtained normally in the presence of the K increment — 
(five experiments). | 

The maximum K increment of resting heat was reached between 
2 and 3 hours after the solution has been applied. Fig. 2 shows how the 


. increment rose rapidly and dropped off slowly with time. The condition 


of the muscle at the end of such a long exposure could not be determined 
because it was quite inexcitable. | 

The K increment in resting heat was found to approximately the same 
degree in summer and “winter” frogs (ten determinations). 

In absolute units the normal rate of resting heat production of R. 
temporaria sartorius muscle was about 160 g. cm. (3-75 millicalories) per 
g. of muscle per minute at 18˙ C. (six determinations). Hill[1928] gives 
a value of 180 g. om. (42-2 meal.) per g. of muscle per minute at 17-6° C. 
After soaking the muscle in Ringer with eight to ten times the normal K, 
values as high as 3600 g. cm. (84 meal.) were obtained. The average of 
sixteen experiments gave a resting heat value, after exposure to Ringer 

PH. LXXXVI. 11 


5 
. 
* 
alg 
2 
x 
a 
“2 
* 
85 
* 
E 
. 
& 
72 
val 
2 
| 


mC D. Y. SOLANDT. 
plus eight times K, of 2430 g. om. (57 meal.) per g. of muscle per minute 
at 17-197 C. 


Table II shows the effect of various inorganic ions on the resting 
metabolism of muscle. Ca antagonizes the K increment when added in a 
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Time (hours) 
Fig. 2. Increment in resting heat production of frog’s (R. temporaria—Belgian) sartorius 
muscle on exposure to isotonic Ringer’s solution containing eight times the normal 


K-ion concentration. 


Tau II. Resting metabolism of frog’s sartorius muscle (R. temporaria). Effect 


: No. of 
Sub- an Effect on K inorement experi- 
stance Concentration of resting metabolism ments 
KCl 3 or 4 Ox conc. in ener to 40 

normal Ringer 20 x no 

RbCl 0-24g./1000.c. (equi - Increased up to 6 a 

valent to 8 x KCl) 20 x normal 10 normal KCl 

BaCl, 0-1 g./ 100 0. 0. (equiva- to Adds till equivalent of 5 

lent to 2 x KCl: gree. sxnormal 10 x normal KCl 

reached 

toxic) 
CaCl 2x-l0x conc. in Nil action of KCl 5 

normal Ringer in r pro 


Srl, 025 g./ 100 0. o. Nil Opposes action of KCl 5 
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quantity sufficient to keep the Ca: K ratio as in normal Ringer. Reducing 
either the Ca or K content of normal Ringer had no detectable effect on 
resting heat production. Removing both these constituents resulted in 
twitching which made true resting heat measurements impossible. Rb 
and Ba act like K, although Ba is so toxic that it could only be used in 
low concentrations. Sr acted like Ca in opposing the K increment. | 

Table III shows the effect of various organic agents on the resting 
metabolism of muscle. Acetylcholine was tried because of the suggestive 
relation between its production and K in some situations [Beznäk, 1934; 
Brown and Feldberg, 1935]. : 


Tam III. Resting metabolism of frog’s sartorius muscle (R. temporaria). Effect of 
various organic agents in the Ringer solution bathing muscle, 


Effect on 
Effecton K No. of 
| of resting experi- 
Agent Concentration metabolism ments 
Acetylcholine 1:2 million to 1: 50,000 Nil Nil | 
(at pH 6-2 with 1: 500, 000 
eserine) 
Sodium iodoacetate 1 : 200,000 | Nil Nil 7 
1: 100,000 Nil Contracture 
Curare-like substance 7 mg./100 c.c. 3 Nil 4 
am- 
monium i ) 
Dextrose 4-0 p.c. solution N x nor- 4 
Sucrose 6-5 p.c. solution — x nor- 


In amounts short of the contracture-producing dose it had no effect 
either with or without eserine. Sodium iodoacetate had no effect in 
sub-contracture doses. Preventing nerve-muscle conduction with the 
curare-like trimethyloctyl ammonium iodide had no effect on either 
resting heat production or its increment by K. Isotonic sugar solutions 
(no salt content) simulate K. The increment due to sugar solutions is 
antagonized by Ca, K or Na [Fenn, 1931]. 

Changing the pH between 6-0 and 8-0 of the Ringer’s solution 
bathing a muscle had no effect on resting heat production (seven experi- 
ments). Changing the tonicity of the Ringer (by alterations in the NaCl 
content) between 0-6 and 0-8 p.c. NaCl equivalent had no effect (four 
experiments). Changes in tonicity or pH much beyond these limits 
caused twitching or contracture which made resting heat measurements 
impossible. However, it is safe to assume that any tonicity or pH changes 
which might occur in the actual solutions used would have no effect on 
resting heat production. ees 
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Searching for a possible explanation of the apparent K increment of 
resting heat, efforts were made to rule out the possibility of contracture. 
A lever carrying a mirror which operated an optical lever 3 metres in 
length was connected to the muscle. No change in muscle length could be 
detected on producing or reversing the K increment. Indeed, no shorten- 
ing occurred until K concentrations about thirty times normal produced 
the typical K contracture. 

It was thought that a submaximal fibrillar contracture [Gelfan, 
1930] might account for the K increment of resting metabolism. Such 
contracture occurs only at and around the neuromuscular junction. The 
non-neural pelvic third of the frog sartorius muscle was bathed in Ringer 
solution containing extra K and the characteristic increment of resting 
heat production was obtained. 

Could it be that the K only acts on a muscle damaged by immersion 
in a highly artificial medium such as normal Ringer solution? Such a 
solution has been shown to cause loss of nitrogen and gain of chloride in 
frog muscle, and these changes are affected by the K content of the 
Ringer. They are at a minimum at four to six times the K concentration 
of normal Ringer [F enn, 1935]. However, muscles dissected and mounted 
on the thermopile with no initial soaking in Ringer’s solution, hence 
bathed only in their own serum, showed a progressive rise in resting heat 
production. This, we conclude, was due to the K leaking from injured 
muscle cells which Dulière and Horton [1929] showed to be the cause 
of the spontaneous inexcitability taking place under these circumstances. 
The K apparently can affect resting heat production even when its 
vehiows 3 is the muscles’ natural perfusate. 


Discussion, 


From 1 foregoing it is apparent that the resting metabolism of 
frog’s sartorius muscle, as measured by the resting heat production, is 
greatly increased by exposure to a Ringer’s solution containing from four 
to ten times the normal K concentration. Fenn [1930] has noted that the 
oxygen consumption of frog’s muscle, rendered inexcitable with sugar 
or K, or becoming spontaneously inexcitable, is markedly increased. 
Studying particularly the case of sugar inexcitability Fenn [1931] 
suggests that the increased oxygen consumption might be due to altera- 
tions in the cell membrane changing the Na: K balance between the 
muscle cell and its environment. He finds, also in the case of sugar, a 
slight contracture and suggests that, if this be inefficiently maintained, 
it might account for the increased oxygen consumption. This latter 
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suggestion does not help to explain the increase in resting metabolism 
induced by K for in that case there is no evidence of contracture; indeed, 
concentrations which produce contracture give no increment of resting 

K goes into the muscle cell when the K concentration in the Ringer 
is over four times normal [Fenn and Cobb, 1934]. This is in spite of the 
fact that the K concentration in the muscle cell is over thirty times that of 
normal Ringer. This suggests a secretion of K by the muscle cells. If we 
assume that the degree of secretion depends on the ratio of K outside to 
K inside, then by raising the K outside we might force the muscle to 
secrete more K. This secretion against a high K gradient might account 
for the increment of resting metabolism. Fenn and Cobb [1934] have 
shown that high external K concentrations damage the muscle cell, 
producing irreversible inexcitability and loss of the power to concentrate 
K. This would explain the falling off in resting heat increment at external 
K concentrations of over ten times the normal. 

The present experiments indicate that K inexcitability and K incre- 
ment of resting metabolism differ in so many ways that it is possible that 
they are quite separate processes, The former shows a seasonal variation 
and the latter none. The former is unaffected by Ca ions [H orton, 1930]; 
the latter may be completely prevented by Ca in the proper amount. In 
some “winter” frogs a marked K increment of resting metabolism may be 
observed in muscles showing unimpaired excitability. 

Against there being no fundamental connection between inexcitability 
and increment in resting metabolism is the fact that sugar and K each 
produce both effects. It is possible, however, that the increment in 
resting metabolism is produced in different ways by the two substances, 
as the inexcitability probably is. In the case of K, we find the K moving 
into the muscle cell, and in the case of sugar, K (as K phosphate) moves 
out of the muscle cell [Fenn, 1931]. Possibly in the first of these incre- 
ment in resting heat is caused by the active secretion of K as previously 
described. In the case of sugar the increment might be due to work done 
by the muscle in retaining its K under a large K gradient and an altered 
permeability of the membrane. The fact that K does escape under these 
conditions is evidence that this altered permeability exists. 5 


SUMMARY. 


| Experiments are described dealing with the inexcitability and the 
increment in resting metabolism induced in frog’s muscle by an increased 
K-ion concentration in the environment. A seasonal variation in the 


* 
* 
a 
25 
4 
x 
¥ 
Pe: 
“a 
2 
* 
* 
A 
= 
4 
+ 
* 
4 
Z 
by 
* 
4 
7 


170 VD. T. SOLANDT. 


production of inexcitability was demonstrated. The relation of the 
increment in resting metabolism (as measured by resting heat production) 
to K concentration, to time of exposure to K, and to other inorganic and | 
various organic substances has been studied. Possible explanations ofthe 

- increment in resting metabolism, and its relation to inexcitability, are 
discussed. 


It is a pleasure to tender my sincere thanks to Prof. A. V. Hill for his unfailing en- 
couragement and wise counsel, I am also grateful to Mr A. C. Downing for 
the thermopiles used in these experiments, and to Mr J. L. Parkinson for his invaluable 
technical assistance. 
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UTERINE CHANGES IN EXPERIMENTAL ABORTION 
AND THEIR RELATION TO PARTURITION. 


By J. M. ROBSON (Beit Memorial Research Fellow). 
(From the Institute of Animal Genetics, University of Edinburgh.) 


(Received October 9, 1935.) 


REcENT work on the factors concerned in the initiation of parturition has 
demonstrated the importance of the ovarian hormone, cestrin, in deter- 
mining those changes associated with the expulsion of the foetus [Rob- 
son, 19336, 19354; Reynolds and Firor, 1933; Marrianand Newton, 
1935], and has suggested that the cessation of luteal function is in itself not 
sufficient to elicit the changes typical of parturition [Robson, 19346]. 
Indeed, it has been possible by the injection of cestrin during the later 
stages of pregnancy to induce alterations in the uterine reactivity to 
oxytocin similar to those obtaining at parturition, thus showing that the 
luteal function is by then largely in abeyance [Robson, 1935]. 

In the further investigation of the problem of parturition two im- 
portant questions have arisen, namely: | 

(1) Are the ovaries the only site of production of the ovarian hormones 
during pregnancy ? | 

(2) What extrinsic factors control the production of the ovarian 
hormones during pregnancy ? 
_ With regard to the first question, the evidence that cestrin is secreted 
by organs other than the ovary during gestation appears to be conclusive 
for the human [Ask-Upmark, 1926] and the horse [Hart and Cole, 
1934], but there is no evidence whether such is also the case in other 
species. In the human and the mare, and in addition in the guinea-pig, 
the corpus luteum is not essential during the whole of pregnancy, but with 
the exception of the finding by Adler, de Fremery and Tausk [1934] 
of progestin in the human placenta, there is no evidence as to whether 
the luteal hormone can be elaborated outside the ovary. 

It is well known that the secretory activity of the ovary is under the 
control of the anterior lobe of the pituitary, and there is much evidence 
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which emphasizes the importance of this gland during pregnancy. At the 
same time there are data which indicate that in certain species the later 
stages of gestation and parturition may occur independently of the 
pituitary. The available evidence is strongly against the view that ovarian 
secretory activity can occur autonomously, and in a consideration of 
organs other than the pituitary that may control the production of 
ovarian hormones during gestation the contents of the uterus have to be 
taken into account. The present experiments were therefore planned to 
investigate how the removal of the ovaries and the pituitary affected the 
condition of the uterus, and especially the activity of the uterine muscle, 
and to determine to what extent any alterations brought about might be 
attributable to the activity of the uterine contents. The experiments may 
conveniently be described under the following headings: 
ne 1) Alterations in the uterus of the mouse following removal of both 

ovaries. 

(2) Alterations in the uterus of the rabbit following bilateral 
ovariectomy. 

(3) Uterine pie in the rabbit following removal of the pi- 
MurRoOps. 

The experiments were performed on mature mice and rabbits. In the 
mice pregnancy was dated from the finding of the vaginal plug, the 
animals being examined once daily. The mating of the rabbits was 
actually witnessed. 

The mice were 3 by the dorsal route. When, in addition, 
the uterine contents were removed this was done as follows. The abdomen 
was opened under ether anesthesia and a small incision made in the 
upper part of each uterine horn; the uterine contents were then gently 
squeezed out through the incision, a procedure involving no damage to 
the uterine muscle; muscular retraction made any ligature unnecessary. 

The rabbits were ovariectomized by the dorsal route and hypo- 
physectomized by the orbital approach [Firor, 1933]. Hypophysectomy 
was checked by the subsequent macroscopic examination of the sella. 

Uterine strips from mice and rabbits used for in vitro investigations 
were suspended in oxygenated Ringer-Locke solution maintained at 
37-5° C., in 100 c. 6. containers. Records were taken on smoked drums. 
In a certain number of rabbits the condition of the uterine muscle was 
investigated simultaneously in vitro and in vivo. The abdomen was 
opened under ether anssthesia, and strips for the in vitro determinations 
removed from one horn while the im vivo records were taken from the 


— 
2 
* 
* 
8 
E 
* 
an 
A 
on 
* 
— 
2 
4 


UTERINE CHANGES IN RELATION TO PARTURITION. 173 


other horn. A cannula was introduced through the vagina and cervix and 
tied in the vaginal end of the uterus. The length of the uterus of which the 
contractions were recorded usually included one site recently occupied by 
a fœtus and placenta together with a short length of uterus on each side. 
The lumen was completely cleared of blood, etc., by perfusing warm 
Ringer through the cannula and allowing it to escape through a small 
incision above the part used for recording; this was then ligatured off 
from the remainder of the uterus. The recording system was the same as 
that used in previous experiments on non-pregnant animals (Robson, 
19350. 

The oxytocic preparation of the posterior pituitary lobe pitocin-, 
kindly supplied by Dr White, of Parke, Davis and Co., was used in all 
the experiments. 
RESULTS. 


(a) Effects of bilateral ovariectomy in mice. 

Both ovaries were removed in twenty mice at stages of pregnancy 
varying from the 14th to the 17th day. The animals were carefully 
watched after the operation in order to study the state of the uterus 
during the subsequent expulsion of the foetuses. In most of the experi- 
ments this expulsion was actually observed, but a few animals which 
aborted during the night were not watched and the uterus was studied the 
next morning. The data are given in Table I, from which the interval 
between abortion and removal of the ovaries can readily be ascertained. 
It will be seen that when the ovaries were removed on the 14th, 15th and 
16th days of gestation the uterine reactivity to oxytocin during the 
subsequent abortion was usually not very high, the minimum effective 
dose of oxytocin capable of causing a contraction of the muscle in vitro 
varying from 0-02 to 0-1 unit per 100c.c. of solution, with the exception 
of one animal (M 140) in which the uterine muscle responded to 0-003 unit 
per 100 c.c. Seven animals were operated on on the morning of the 17th 
day of pregnancy. In three of these the uterine reactivity at the sub- 
sequent expulsion of the fostuses was in the same range as in the earlier 
group, i.e. 0-02-0-05 unit per 100 c.c., while in four cases the minimum 
effective dose of the posterior lobe hormone was lower (0-005-0-003 unit). 

In five mice the ovaries were removed on the evening of the 17th day 
of pregnancy. In all these cases the uterine reactivity following the 
ensuing expulsion of the fœtuses was high, the minimum effective doses 
of oxytocin varying from 0-01 to 0-003 unit per 100 c.c. of solution; the 
reactivity was thus similar to that observed immediately following 
normal parturition. | 
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Tam I, Showing the uterine reactivity and spontaneous activity in aborting mice 
following removal of the ovaries, In the last five animals the uterine contents were 
removed at the time of ovariectomy. Reactivity expressed as the minimum dose of 
oxytocin per 100 c.c. capable of causing a motor effect. M. morning, E. evening of 
the 17th day of gestation. The arrow indicates that the beginning of abortion was not 
observed, but that it was still in progress at the time shown. 


Interval 
between 
ovariec- 
Duration of between tomy and Reacti- 
ovariec- taking of vity to 
at ovari- tomy and ute Sponta- 
Animal ectomy abortion strips per 
No ys urs hours 100c.c, activity Remarks 
M140 14 18 18 0-003 9-5 Live foetuses 
141 14 15 15 0-05 55 Live foetuses 
1 14 24-36 39 0-1 9-0 — 
143 14 24-30 30 0-1 3°5 foetuses 
left in uterus 
165 15 <44 44-5 0-02 6-0 — 
166 15 24 0-02 10-0 — 
144 16 >36 48 0-03 5-0 Fostuses dead 
146 16 24 24 0-03 4˙5 Fostuses dead. Animal 
145 17 M. >38 48 0-005 3-0 ve foetuses 
147 17 M. 23-31 31 0-02. 1+] Live and dead foetuses; 
difficult labour 
148 17 M. >26 40 0-05 1-8 Foetuses dead 
149 17 M. 28 28 0-003 6-0 Live foetuses 
150 17M 28 28 0-05 7-0 1 dead and 65 live 
foetuses 
161 17 M. 23-26 26 0-005 9-5 2 dead and 4 live 
foetuses 
152 17 M. 20-22 24 0-005 55 Live 
153 17 E. 43-46 46 0-003 3-5 5 dead and 2 live 
foetuses 
154 17 E. 19 20 0-01 12-0 2 dead and 3 live 
foetuses 
155 17 E. 26-5-27-5 28 0-003 7:0 Live footuses 
157 17 E. 39 0-003 Live foetuses 
158 17 E. 29 29 0-003 3°5 Live foetuses 
160 17 E. — 39 · 5 0-05 1-4 Uterine contents also 
re 
161 17 E — 39 0-01 5˙5 55 
162 17 E — 40 0-01 3-0 75 
163 17 E — 45 0-01 3-0 55 
164 17 E — 40 005 2075 


In order to determine whether the high uterine reactivity observed 
following removal of the ovaries during the latest stages of gestation was 
to any extent dependent on the presence of the uterine contents during 
the interval between ovariectomy and expulsion of the foetuses and 
placente, these were removed together with the ovaries in five mice on 
the evening of the 17th day of gestation, and the uterine reactivity was 
determined 39-45 hours later. The data are included in Table I, and show 
that the minimum dose of oxytocin effective in vitro, though small, was 
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appreciably higher than in those experiments in which the ovaries were 
removed but the uterine contents left in situ. 

The conditions under which expulsion of the fœtuses occurred and the 
state of the foetuses showed considerable variations in the different 
animals, In many cases live fœtuses were born within a comparatively 
short period of time, In other animals, however, the process of expulsion 
occupied a more prolonged period, and occasionally labour was very 
difficult and even led to the death of the mother. Dead foetuses were 
aborted in some experiments, while in others some were born dead and 
others alive. Live fotuses sometimes showed evidence of the difficult 
labour by their cyanosed condition. In a few cases where the operative 
interference took place at the earlier stage of gestation it was difficult to 
decide if the young were alive. It is noteworthy that dead foetuses were 
occasionally expelled even when the ovaries were removed as late as the 
evening of the 17th day of pregnancy. 

The spontaneous rhythmic contractions shown in the different experi- 
ments were measured on the tracings in cm., and the figures given in 
Table I represent the mean of the duplicate experiments performed on 
each uterus. There are no appreciable differences between the contractions 
of the. uteri which expelled their contents at the different stages of 
gestation. The uteri from the animals in which the fotuses and placentse 
had also been removed at the time of e showed, however, 
rather smaller oontractions. 


(b) Effects of bilateral ovariectomy in rabbits. 


The operation was performed on ten rabbits at stages of pregnancy 
varying from the 20th to the 29th day following coitus, and the state of 
the uterus was determined after the expulsion of the uterine contents. 
Not only were strips studied in vitro but, in a number of cases, the condi- 
tion of the muscle in the intact animal was also investigated to determine 
whether the data obtained on the uterus suspended in Ringer-Locke © 
were valid for the organ in vivo. The results are given in Table II. It will 
be seen that expulsion of the foetuses began 23}-31 hours after removal 
of the ovaries. In the majority of cases the abortion occupied less than 
12 hours; in one animal (Ra 548), however, it was more prolonged : the 
ovarian removal was performed at 10 a. m.; the next morning a dead 
_ foetus was passed, and during the subsequent night another dead foetus 
was aborted. When the experiment was performed four foetuses were still 
present in the uterus. . 


* 

4 

* 

: 

i 
4 
* 
2 
— 4 
7 
-4 
8 
* 

3 

> 


— 


100-0 8 8 8% 9 
— £000 se 8% 7 
90·0 9% 92-02 9% 897 
0-91 — 20 75 9⁵ 23 06% 
Of 1100 00 2 5 0² 099 
081 Off 2000 000 9% 9 63 189 
001 006 2000 9000 66 or 
O8f 9000 000 62 LZ ‘ 6⁵9 
8 — EN £0-0 2 9· 
8 100 18 1E LIV 
og 09 300 9.6 88 “ 959 
* 011 10-0 100 87 zz 859 

— 9.81 09 90˙0 £0-0 6 82-92 02 Aulopouvao v 
u Osa uf UT smog smoy uo ‘ON 


— 


7 
8 
4 
yay 
* 
AS 
9 
*. 
2 
OM 
4 
2 
4 
— * 
f 
— 
i 
~ 
8 


UTERINE CHANGES IN RELATION TO PARTURITION. 17 


In the animals in which the ovaries were removed on or before the 
26th day of pregnancy the uterine reactivity during or shortly following 
expulsion of the uterine contents was not very high, the muscle respond- 
ing to doses of oxytocin varying from 0-03 to 0-01 unit per 100 0. 0. 
Ringer-Locke. In the three rabbits, however, in which the ovaries were 
removed on the 27th day of gestation the uterine reactivity was higher, 
as the minimum effective doses of oxytocin varied from 0-003 to 0-005 
unit per 100 c.c. Moreover, these data obtained in vitro on the longitudinal 
muscle are probably of significance for the whole organ in the intact 
animal, for in those experiments in which measurements were performed 
both in vitro and in vivo there was a satisfactory agreement between the 
doses effective when added to the bath and injected intravenously 
(Table IT). 

The spontaneous rhythmic contractions recorded on the drums were 
measured in om. and are given in Table II; there appears to be no 
appreciable differences between the rhythmic activity exhibited in vitro 
and in vivo at various periods of abortion. 3 


(c) Effects of hypophysectomy in rabbits. 

The pituitary was removed in six rabbits at stages of pregnancy 
varying from the 20th to the 28th day. In five animals removal was 
complete, but in the sixth (Ra 560) post-mortem examination showed 
that about a third of the posterior part of the gland had been left behind; 
this fraction had, however, been completely separated from its blood 
supply, and it seems therefore doubtful whether it exerted any further 
secretory activity; in any case, abortion followed in this animal within 
the usual interval of time. In all cases the uterine contents were expelled 
in the second 24 hours period following the operation, the results thus 
agreeing with those of Firor [1933]. The uterine activity was measured 
in five animals during the abortion when only some of the fostuses had 
been expelled, while in the sixth rabbit the determination was made 
immediately after complete abortion. In all cases the uterine strips were 
removed from parts of the uterus that had recently contained embryos. 

It will be seen that in those animals (Ra 444 and 446) in which the 
pituitary was removed on the 28th day of pregnancy the uterine reactivity 
during the subsequent expulsion of the footuses was very high, motor 
effects on the uterus in vitro being obtained with concentrations of 
oxytocin of 0-003 and 0-001 unit per 100 0. c. respectively. In all the other 
animals the reactivity was smaller; in one operated on the 25th day of 
gestation a response was obtained with 0-005 unit per 100 c.c., while the 
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uterus of the other three rabbits gave contractions with doses of oxytocin 
of 0-05, 0-05 and 0-01 unit. In the last of the three animals (Ra 500) the 
condition of the uterus was also investigated in vivo, and a contraction 
was obtained by the intravenous injection of the minimum dose effective 
in vitro (i. e. 0-01 unit). 

The spontaneous rhythmic activity was measured in the usual way; 
the results do not show any appreciable differences for the various days 


DIscussIoNn. 


The results of these experiments show that certain alterations in the 
reactivity of the uterine muscle to oxytocin are observed following 
removal of the ovaries in the mouse and rabbit or removal of the pituitary 
in the rabbit. These alterations are, however, dependent upon the stage 
of gestation at which the ovarian or hypophysial activity is withdrawn. 
For though there are variations among the different animals constituting 
a given group, it can nevertheless be asserted that the reactivity attained 
during the expulsion of the uterine contents increases as the time of 
removal becomes later in pregnancy. This is true, within the time limits 


investigated, for the uterus of the rabbit following removal of either the 


ovaries or the pituitary and for the uterus of the mouse following 
ovariectomy. 

The actual data obtained are ‘is of interest. In the mouse a reacti- 
vity to less than 0-02 unit of oxytocin per 100 b. 0. was only observed 
once (Ra 140) when the ovaries were removed before the 17th day of 
gestation; when the operation was performed on the morning of the 17th 
day such a result was observed in four out of seven experiments; but, 
following ovariectomy on the evening of the 17th day of pregnancy, the 
subsequent expulsion of the foetuses was in all cases accompanied by a 
reactivity to less than 0-02 unit per 100 c. c.; indeed, in the four out of the 
five animals the uterine muscle responded to a dose of oxytocin of 0-003 
unit per 100 b. 0. The results for the rabbits are equally significant. In 
the ovariectomized animals a higher reactivity was attained only when 
the operation was performed on the 27th day or later; in the hypo- 
physectomized animals the muscle became highly reactive following 
operation on the 20th and 25th days (Ra 560 and 463), but the highest 
reactivity to 0-003 unit or less per 100 c.c. was attained when the pituitary 
was removed on the 28th day of gestation. It is to be noted that the results 
obtained in those experiments in which the uterus was investigated in vivo 
offer strong support for the view that the alterations in reactivity observed 
on the isolated strips are valid for the uterus in the intact animal. 
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The question then arises, how do the results compare with those found 
on the uterus during normal pregnancy? In Table III the results obtained 
on the aborting mice are compared with those described before [Robson, 
1934 a] for similar stages of normal pregnancy. Table IV includes the data 
for the rabbit [Robson, 1933 a] during the normal gestation and during 
abortion following ovariectomy or hypophysectomy; and in addition the 
reactivity of the uterus following removal of the uterine contents is also 
given [Robson, 19346]. It can be clearly seen in Table III that in the 


Tamm III. Showing the uterine reactivity observed in normal pregnant and parturient 


mice (left-hand group) and in mice aborting after removal of the ovaries. P. = parturi - 


Animal Day of Day of 
No Reactivity No. pregnancy 
M6 14 >1-0 M 140 15 0-003 
| 15 0-05 141 15 0-05 
18 16 0-05 143 15 0-1 
7 16 0-6 142 16 0-1 
13 17 0-03 166 16 0-02 
8 18 0-03 105 17 0-02 
1 18 0-02 146 17 0-03 
2 18 P 0-003 147 18 0-02 
9 18 P. 0-002 149 18 0-003 
10 18 P. 0-002 150 18 0-05 . 
31 P. 0-003 151 18 0-005 
152 18 0-005 
154 18 0-01 
155 18 0-003 
158 18 0-003 
145 19 0-005 
148 19 0-05 
153 19 0-003 
157 19 0-003 


mouse there is no appreciable difference between the reactivities of the 
two groups of animals at the different stages of gestation investigated, 
i.e. between the 15th day of pregnancy and parturition. This suggests 
that the removal of the ovaries does not interfere with the progressive 
increase in reactivity which occurs during this period of gestation. That 
such is definitely the case during the last stages of pregnancy is shown by 
comparing the data with those for the animals in which the ovaries and 
uterine contents were removed (Table I). These results strongly suggest 
that the uterine contents in the absence of the ovaries can control the 
increase in the uterine reactivity to oxytocin right up to the parturient 
level, 

The uteri of all rabbits in which abortion had been produced by 
removal of the ovaries or of the pituitary show, on the whole, a higher 
reactivity than those of unoperated animals at corresponding stages of 
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pregnancy, while at the period of parturition the reactivity is the same 
in both groups. On the other hand, the uterine reactivity of animals in 
which the uterine contents were removed during pregnancy is not higher 
than in normal animals at corresponding stages of gestation, while at the 
time at which parturition would have occurred the reactivity is much 
lower in the rabbits in which the uterine contents were previously 
removed. These results also show that, after withdrawal of the ovarian 
activity, either by direct removal of the ovaries or by cessation of the 
hypophysial action, the uterine contents can control an increase in the 


uterine reactivity even up to the level which normally prevails at parturi- 


tion. And since the increase in uterine reactivity to oxytocin can be 
experimentally produced by the administration of ostrin [Robson, 
19335], it appears not improbable that the uterine contents do, under the 
conditions described, produce the increase in uterine reactivity through 
the secretion of cestrin. 

It will be noted that the reactivity of the uteri of the rabbits and mice 
aborting after removal of the ovaries is very similar (Table III and IV), 
while the reactivity in normal rabbits during that stage of gestation is 
appreciably lower than in the mice. This suggests that in some rabbits the 
inhibitory action of the corpus luteum on the uterine muscle is still 
exerted at that stage of gestation; the fact that prolonged cestrin injec- 
tions occasionally fail to bring about a maximum increase in the uterine 
reactivity in the later stages of gestation [Robson, 19356] supports this 
view. In the mouse, on the other hand, the corpus luteum has no effect 
on the uterine reactivity, and thus there is no great difference between 
the reactivity before and after removal of the luteal influence following 
ovariectomy. Moreover, prolonged cestrin injections at that stage of 
pregnancy do not fail to bring about a maximum increase in the re- 
activity to oxytocin [Robson, 1935a]. 

A comparison of the uterine reactivities obtaining during normal 
parturition and during abortion produced by removal of the ovaries or of 
the pituitary shows that the uterine contents may be expelled even when 
the uterine muscle shows a comparatively low reactivity to oxytocin. Thus 
in some experiments a dose of 0-1 unit of the posterior lobe hormone 
per 100 C. o. was necessary to elicit contraction of the uterus of an aborting 
animal. In fact the uterine reactivity at abortion may be lower than that 
which may obtain in normal pregnant animals several days before 
parturition (see Table III). 

The question therefore arises whether the mechanism involved in the 
expulsion of the uterine contents during abortion is identical with that 
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responsible for parturition. If such were the case, then it could be con- 
cluded that the high uterine reactivity to oxytocin always obtained at 
parturition is not an essential factor in the process. It is, on the other 
hand, quite possible that, in the abortion experimentally produced, 
processes other than those concerned in normal parturition are involved ; 
for example, the expulsion of the foetuses may be due to involutional 
changes in the uterus, as suggested by Selye, dani and Thomson 
[1935]. i 
SuMMARY. 

The reactivity to oxytocin and spontaneous rhythmic activity of the 
uteri of mice following removal of the ovaries, and of rabbits following 
removal of the ovaries or of the pituitary, have been determined ee 
the ensuing expulsion of the uterine contents. , 

The reactivity may be comparatively low when the abortion occurs in 
the earlier stages of pregnancy but increases as the period of gestation at 
which experimental interference takes place becomes more advanced. 

In animals operated in the latest stages of pregnancy expulsion of the 
uterine contents is accompanied by a very high uterine reactivity similar 
to that observed at normal parturition. 

When the uterine contents are removed in addition to the ovaries 
the uterine reactivity does not increase as it does following removal of 
the ovaries only. 

It is concluded that the uterine contents may play a part i in control- 
ling the changes in the uterine muscle during pregnancy. 


The expenses of thie investightion have bem: defrayed. by grants from the Medical 
Research Council and the Moray Fund of the University of Edinburgh. 
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THE INFLUENCE OF THYROID FEEDING 
ON NEMBUTAL POISONING. 


By B. M. SCARBOROUGH. 
(From the London E. 1) School of Medicine for Women.) 


(Received October 15, 1935.) 


Tue safe clinical use of “nembutal” (sodium ethyl-methyl-butyl-bar- 
biturate) as a basal hypnotic of the short acting class probably depends 


upon the speed and completeness of its destruction in the body, as de- 


scribed by Shonle and his co-workers [1933]. If this fails, serious 
respiratory embarrassment and death from acute narcotic poisoning may 
occur. Rowbotham [1931] and O'Sullivan and Craner [1932] record 
cases of restlessness in man after nembutal. Rowbotham suggests that 
it is rational to treat restlessness by increasing the metabolic rate with 
thyroxine, so bringing the patient quickly out of the influence of the 
barbiturate. He also records that nembutal anesthesia gives satisfactory 
results in toxic cases of exophthalmic goitre. The object of these experi- 
ments is to observe whether repeated nembutal administration in rats 


produces any signs of poisoning, other than those of acute narcosis, and, 


if so, whether the condition is modified by thyroid feeding. 


Meruop. 

Albino rats, 10-11 weeks old, were used. The animals were kept on 
a uniform diet and the appetite gauged by comparing the amounts of 
food left. Experiments of 4 or 5 weeks’ duration were carried out on 
twenty rats (twelve male, eight female) in five groups of four. Each 
group was taken, from animals of the same sex and litter and consisted of: 

(a) A control rat. 

(6) A rat receiving daily doses of nembutal. In group | this rat 
received up to one-third of the minimum lethal dose by injection, in 
group 2 twice the dose by mouth, in group 3 up to three-quarters M.L.D. 
by injection, in group 4 twice the dose by mouth, and in group 5 as in 
group 3. 0-12 mg. per g. of rat was taken to be the . L. D. for subcutaneous 
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injection [Barlow, Duncan and Gledhill, 1931]. Nembutal 844 
“Abbott” was used in fresh solution in distilled water. 

(c) A rat receiving 0-08 g. of dried thyroid daily by mouth. This dose 
was found previously [Scarborough, 1926] to diminish the rate of 
increase of body weight. The thyroid was given mixed with oil and care 
was taken to ensure that the mixture was not spilled nor left uneaten. 

(d) A rat receiving both nembutal and thyroid treatment in the same 
doses as above. 

An extra series of nine animals consisted of three controls, three rats 
receiving daily injections of nembutal up to M. L. D., and three rats receiving 
twice the dose by mouth (one male, two female in each group). | 

During the experiments a record was kept of the condition, body 
weight, rectal temperature and the effects of nembutal administration. 
Finally the animals were killed (one under nembutal died), and the liver, 
heart and kidneys were removed, washed free from blood and weighed. 
The amounts of abdominal and subcutaneous fat were noted. Frozen 
sections of all the livers were stained for fat with Sudan III. The hearts 
and kidneys from groups 1, 2 and 5 and from the extra series were stained 
similarly. As these results were negative, sections of hearts and kidneys 
of groups 3 and 4 were not made. Paraffin sections of the thyroid gland, 
liver, heart and kidney from groups 1 and 2 and from three of the extra 
series were stained with hematoxylin and Biebrich scarlet. 

Additional acute experiments were carried out on seven rats, 10 weeks 
old, four of which had received daily doses of thyroid for 4 weeks before 
the experiment. All the animals were injected with a M. L. D. of nembutal. 


Rusvras. 
(a) Effect of the drugs on behaviour. 


Nembutal only, by injection, produced narcosis in 5 min. and recovery, 
i. e. return of active movements, in 2 hours with doses above one-half 
M. L. D. With one-third M. L. D. narcosis developed more slowly and recovery 
was quicker. With doses below one-third M. L. D. animals became sleepy 
and narcosis was incomplete. There were no signs of tolerance or cumula- 
lation and no appreciable effects on behaviour between the narcotic 
periods. 

Nembutal only, by mouth, never produced narcosis, but the animals 
became less tame than the controls. 


Thyroid feeding caused the rats to become a little more active and 
less tame than the controls. 
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Nembutal, by injection, with thyroid feeding produced, in large doses, 
a similar response to nembutal alone, except that one animal became 
less tame. One-third M. L. D. produced incomplete narcosis, and doses 
below one-third M.L.D. were less effective than with nembutal only. 

Nembutal, by mouth, with thyroid feeding produced no narcosis and 
animals became less tame and very active. 

In the acute experiments seven rats with nembutal were all deeply 
narcotized with acute respiratory embarrassment. One control died in 
4 hours. The others, two controls and four thyroid-fed animals, recovered 
in ö hours. The course of narcosis and recovery was identical in all. 


(b) Effect of the drugs on the general condition of the animals. 


The condition of the rats was good throughout (one died of respiratory 
failure under nembutal narcosis in the fourth week). The coats of the 
control rats and those which had nembutal were sleek and thick. Under 
thyroid treatment the coats of some of the animals became rough and 
rather thin. The appetite of the thyroid-fed rats was slightly better than 
that of the controls. Nembutal administration did not affect the appetite, 
and all the animals took an ample amount of food. The controls and six 
rats which had nembutal had moderately large deposits of abdominal 
and subcutaneous fat. In the other five which had nembutal the fat 
was reduced slightly, and more definitely in all animals which received 
thyroid with or without nembutal. In no animal was there any marked 


emaciation. 
(c) Changes in body weight. 


The modification of growth produced by drug . is 
indicated in Table I. In Fig. 1 the average weekly weights are shown 
graphically. In the figure the rate of growth of the nembutal group (b) 
is lower than that of the nembutal group (a). This difference is attributed 
to the fact that larger doses of nembutal were given to group (ö). The 
tate of increase in body weight was diminished in all animals which 
received thyroid, with or without nembutal. This effect was more marked 
in the three thyroid-fed rats which had nembutal by injection than in the 
two thyroid-fed rats which had nembutal by mouth. The growth of rats 
which had nembutal alone by injection was slightly retarded in five out 
of six animals, but unimpaired in the animals which had nembutal 
alone by mouth. 
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I. 


Control Thyroid thyroid 
At 110 118 
At end of Ath week 1865 163 149 155 
Difference +59 +57 +39 71737 
Grams 
150 


1204 


11047 


0 Weeks 2 3 4 

Fig. I. (a) Comparing the average body weight of five control rats with that of five rats 
under separate and combined nembutal and thyroid administration. (b) Comparing 
iministrati 


(ad) ae in temperature. 
‘The modification i in temperature produced by drug 6 
is indicated by the following average temperatures, in the fourth week, 
of five rats in each group: control 98-2° F., nembutal 98-6° F., thyroid 
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99-7° F., nembutal and thyroid 99-9° F. The temperature was higher 
than normal in all thyroid-fed rats, with or without nembutal. Rats which 
had nembutal alone showed no appreciable modification except during 
periods of narcosis, when the temperature sometimes fell to 96° F. 


(e) Weights of organs removed post-mortem. 
Table II gives the average weights of the liver, heart and kidneys of 
five rats in each group. The liver weight of the eleven animals under 
nembutal alone was greater than the control weight in nine cases, less 


Taste II. Average weight of organs in g./100 g. body weight. 


Liver Heart Kidneys 
Control 4-24 0-38 0-87 
Nembutal 4-69 0-37 0-91 
Thyroid 5:79 0-51 1-20 
Nembutal and thyroid 5-82 0-44 1-11 


in two. The average liver weight for six injected rats was +0-29 g./100 g. 
body weight compared with the control average, and for five treated by 
mouth +0-47 g. The kidney weight was greater than the control in six, 
less in five; and the heart weight greater in four, equal in three and less 
in four. In every thyroid-fed animal (with or without nembutal) the 
actual weight of each organ was greater than that of the control. The 
average liver weight for five thyroid-fed rats was + 1-55 g./100 g. body 
weight compared with the control average. The average liver weight for 
| three thyroid-fed rats injected with nembutal was + 1-29 g./100 g. body 
weight compared with the control average, and for two treated orally 
+ 2-02 g. The heart and kidney weights under combined treatment were 
equal to or less than those under thyroid only. | 


(f) Microscopic examinations. 

The thyroid glands of all thyroid-fed rats (with or without nembutal) 
showed a condition of diminished activity compared with those of the 
controls. The difference in activity was determined with reference to the 
size and number of vesicles, the type of epithelium, the occurrence of 
vacuoles in the colloid, etc. The glands from animals on nembutal alone 
were similar to the controls. Paraffin sections of the liver, heart muscle 
and kidney showed no appreciable departure from the normal. Heart 
muscle stained for fat showed no fat in any section. Almost all the kidney 
sections showed a little free fat in the hilum. One kidney section from 
a thyroid-fed animal showed a few isolated collections of fat droplets 
in the cells of the convoluted tubules, but otherwise there was no difference 
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between sections from control and treated animals. The liver sections 
Stained for fat gave very variable results. Thus in group 1 the control 
liver contained most fat, in group 2 that of the thyroid-fed rat, in group 3 
that from the animal under combined treatment, in group 4 that under 
nembutal only, and in group 5 there was practically no fat in any section. 
In the extra series three under nembutal had more fat than the controls 
and three an equal or less amount. Fat when present was generally 
moderate in amount and distributed peripherally in small droplets. There 
was no appreciable difference between the livers of rats which had nem- 
butal subcutaneously and orally. Fat was practically absent in two or 
three of the five rats under each form of observation. In no case did the 
distribution of fat seem to be outside the range of the normal. 


DIsouUssION. 


Rats treated with large daily doses of nembutal, by subcutaneous 
injection or by mouth, show a remarkable absence of signs of chronic 
poisoning. Injected animals recover completely from the recurrent 
periods of narcosis. Apart from acute narcosis the only effects of nembutal 
are slight retardation of the rate of increase of body weight in injected 
animals and a tendency to become less tame in animals treated orally. 
The only post-mortem finding is an increase in liver weight which is more 
marked in the rats treated orally. The absence of kidney changes might 
be anticipated from the fact that nembutal was not recovered in the 
urine of dogs by Herwick [1931], and is probably destroyed in the body 
[Shonle and his co-workers, 1933]. 

The slight change in body weight caused by injected nembutal is 
probably an effect of repeated narcosis, since it is absent in oral adminis- 
tration which produces no narcosis. There are no tissue changes to suggest 
altered metabolic rate, other than the small increase in liver weight, 
which is probably associated with an increase in activity necessary for 
the destruction of the drug. The absence of narcosis on oral administration 
suggests that the drug is largely destroyed before entering the systemic 
circulation. The tendency of these rats to become less tame probably 
indicates a prolonged but slight degree of cortical depression comparable 
to the restlessness seen in man after nembutal. The increase in liver 
weight, more marked with oral administration, can also be attributed 
to the destruction of larger amounts of nembutal. The increase in liver 
weight, in the absence of microscopic changes, suggests a compensatory 
increase in bulk, as described by Best [1934], in which the fat in the 
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liver remains uniform unless there is a considerable degree of infiltration 
or degeneration. 
Thyroid feeding produces characteristic metabolic disturbances which 
are also present when nembutal and thyroid treatment is combined. 
Under combined treatment the diminished rate of increase of body weight 
is more marked in the injected animals, the animals treated orally 
become less tame and the increase in liver weight is greater in these 
animals. These effects of nembutal are scarcely modified and certainly 
not augmented by thyroid feeding. A slightly increased subcutaneous 
dose of nembutal is necessary to produce complete narcosis in thyroid-fed 
rats. This may be because the increased metabolic rate leads to a more 
rapid destruction of the drug, as suggested by Rowbotham [1931], 
thus raising the minimum narcotic dose. There is no evidence in these 
experiments that recovery from nembutal narcosis is quicker in thyroid- 
fed than in normal animals, but two rats treated with nembutal alone 
died during narcosis and all the thyroid-fed rats survived. c 


SuMMARY. 


1. It is found almost impossible to produce signs of chronic nembutal 
poisoning in rats, apart from a slightly retarded increase in body weight 
in injected animals and a small increase in liver weight, more marked in 
animals treated orally. | 

2. Acute narcosis follows subcutaneous injection, but not oral ad- 
ministration, of nembutal. 

3. Inthe absence of microscopic changes, nembutal cannot be regarded 
as a tissue poison. It is suggested that the increase of liver weight is 
a compensatory hypertrophy associated with the destruction of the drug. 

4, Thyroid feeding does not influence the effects of nembutal, except 
that thyroid-fed rats require a slightly increased minimum narcotic dose. 
Thyroid feeding may lead to a more rapid destruction of nembutal in 
the body. 
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ANTERIOR PITUITARY EXTRACTS 
AND LIVER FAT. i 


By C. H. BEST anv JAMES CAMPBELL. 


(From the Department of Physiology and the School of Hygiene, 
University of Toronto.) 


(Received October 18, 1935.) 


THE original objective of this investigation was the elucidation of the 
mechanism of action of the ketogenic substance, or substances, present 
in certain extracts of the anterior pituitary gland. The ketogenic effect 
of anterior pituitary extracts was first reported by Burn and Ling 
[1930], who noted that their injection produced an increased excretion 
of ketone bodies in rats on a fat diet. Anselmino and Hoffmann 
_ [1931] found an increase in the ketone content of rats’ blood, and 
Magistris [1932] has reported similar findings in the rabbit. We have 
repeated the experiments and confirmed the findings of Burn and Ling 
and of Magistris, and have become interested in the extensive deposition 


of liver fat produced by the repeated administration of large doses of 


certain ketogenic preparations to white rats. It is with this phenomenon 
that we are particularly concerned in this report. The mechanism of 
action of the ketogenic substance is also briefly discussed. | 

Fatty livers produced in rats by fasting, by diets rich in fat, cholesterol 
feeding, phosphorus poisoning, and by diets deficient in choline and in 
other “lipotropic” factors have been recently studied in these laboratories, 
but the rate of accumulation of fat in the liver when large doses of the 
anterior pituitary extract are given is, under certain conditions, greater 
than that caused by any of these other procedures. The increase in liver 
fat is associated with a decrease in the fat of the depots. The correlation 
of our findings with those of Coope and Chamberlain, Steppuhn, 
Anselmino ert al., en W — others will be discussed r 
in this paper. 


Society of Canada, May 1935. 
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~ Mernops. 


The total ketone bodies of the blood were determined by the method 
of Engfeld [1925]. The urinary ketone bodies were estimated by 
van Slyke’s method in 24-hour samples of urine from rats kept in 
Hopkins’ metabolism cages, The 24-hour sample of urine from each 
animal was treated with a copper-lime reagent and made up to a volume 
of 100 c.c.; 25 c.c. samples were used for the determinations. Liver and 
body fats were estimated by the saponification procedure which has 
been used for some years in these laboratories [Leathes and Raper, 
1925]. The values for fat represent, therefore, the total fatty acids and 
the unsaponifiable fraction. The extracts were prepared from anterior 
pituitary glands which had been carefully separated from the whole 
gland and defatted by acetone within a few hours after their removal 
from the animals. The extracts were prepared from the dried anterior 
lobe powder by two different procedures. The material which was 
administered to the rats was extracted from the dry powder with 20 
volumes of V/20 NaOH. After standing for about 2 hours the extract 
was adjusted to pH 5-2 with HCl. A bulky precipitate was removed and 
re- extracted in the same manner as the original powder, but with half 
the amount of solvent. The filtrates were combined and 2 volumes of 
absolute alcohol were added. The resulting precipitate was collected and 
dried with absolute ethyl alcohol and ether. A weighed amount of this 
powder was dissolved in faintly alkaline aqueous solution, adjusted to 
neutrality and the undissolved material removed by centrifuging. 3 c.c. 
of the clear, light brown, supernatant solution were administered sub- 
cutaneously. In all the experiments except that described in Table III, 
where other figures are given, I C. c. of the solution injected contained 
the active material obtained from 1 g. of the original dried defatted 
anterior pituitary glands. The extracts of other tissues, to be discussed 
later, were prepared by exactly the same procedure. The material 
administered to the rabbits was extracted from the crude anterior lobe 
powder with 40 volumes of N/25-HCl. A bulky protein precipitate was 
removed from this extract by adjusting to pH 5-2 with NaOH. One 
volume of 95 p.c. alcohol was added to the filtrate and the reaction was 
adjusted to pH 5-2. The precipitate was removed and the filtrate 
evaporated in vacuo, at approximately 35° C., to a volume which corre- 
sponded to a 10 p.c. solution of the original powder. This solution was 
also administered subcutaneously. 
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EXPERIMENTAL RESULTS AND COMMENT. 


The effect on ketone body excretion and on the size and 
fat content of the liver. 


The rats were supplied by the Connaught Laboratories. They were 
of the Wistar strain and were all in excellent condition at the start of 
the experiment. Normal females weighing about 160 g. were fasted in 
individual cages for 3 days. One-half of the animals were injected daily 
with anterior lobe extract, while the others received the same volume 
of saline (3 0. c.). All of the animals were given 1-5c.c, of a 10 p. c. 
solution of sodium chloride by stomach tube to increase the urinary 
volume. All the figures in the tables represent averages. The figures 
in brackets indicate the minimum and maximum values. Certain 
particularly significant figures are printed in heavy type. The results 
obtained in the control animals are shown in Table I, series I. It will 


Taste I. Normal female rats. 


Series I: Injected once daily with 3 0.0. saline. 

Series Ia: Injected once daily with 3 c.c. extract from 3 g. e eee 
Fasted during the period of the experiment (3 days). 

1-5 0. 0. 10 p.c. NaCl administered daily by stomach tube. 


Ketone body excretion 
in 24 hours mg. Liver 
ight t t T 

Series rats g. g. day day day Total ed p.c. 

I 22 159 17 ll 10 #18 39 — 5˙46 
(119-200) (3-29) (2-2-4-9) (05-922) (2-7-8-0) 

Ia 17 159 10 22 362 51:5 89-9 6-42 673 10-38 
(188-196) (1-27) (4-9-7-8) (300-1210) (5-0-17-2) 


Two rats in series I excreted considerably more ketone bodies than the others, a total 

28 2 r of some uncontrolled factor. In series Ia all but 
23, all but one more than 11 mg., this one only 3-5 mg. 

be observed that the daily ketone body excretion is, on the average, less 
than 4 mg. for the 3 days. The animals receiving the extract (Table I, 
series Ia) show a very definite increase in ketone body excretion (average 
approximately 90 mg. for the 3-day period), although the individual 
values are variable. The increase is particularly significant on the second 
and third days. The increase in the liver weight of animals injected with 
anterior pituitary preparations was apparently first observed by Riddle 
and Flemion 11928]. In our animals it will be noted that there is a 
definite increase in the liver weight and also in liver fat. The values for 
the total fat of the liver in the test and control groups present a rather 
striking contrast. | 
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In another experiment larger groups of animals were used, but the 
excretion of ketones was not followed. The results for the control animals 
are shown 1 in Table II, series II, and for those which were injected, in 


Taste II. Normal female rats. 
Series II: Injected once daily with 3 c.c. saline. 
Series Ila: Injected once daily with 3 c.c. from 3 g. n e eee 
Fasted during the period of the experiment (3 days). 


No. Loss of A —  Carcase 
of Weight weight Weight Total fat Fat yee ol 
rats g. g. g. mg. p. o. g. = pe. 
II 20 170 31 4-52 270 6-0 * 
(147-208) (7-75) (3-57-5-70) (166-30) (4.3-8˙6) 
Ha 19 176 21 7-44 1100 14-7 70 85 


(147-191) (11-82) (6-28-8-45) (664-1566) (98-19. 
* “Carcase” = body without liver. 


Table II, series IIa. The contrast in the total liver fats of these two 
groups is particularly interesting, and the values for the individual 
animals are as consistent as one can expect in this type of experiment. 

When smaller doses of the anterior pituitary preparations are used 
the response is correspondingly less. The increase in total liver fat and 
ketone body excretion is apparently elicited by the smallest dose which 
we have used (Table III). This dose contained the active material 
secured from 188 mg. of the dry defatted anterior lobe. 


Tam III. Normal female rats. 


Series III: Injected once daily with 3 0.0. saline. 

Series IIIa: Injected once daily with extract from 188 mg. 1 
Series IIIb: Injected once daily with extract from 540 mg. anterior pituitary powder. 
Fasted during the period of the experiment (3 days). 

1-5 0.0. 10 p.c. NaCl administered daily by stomach tube. 


Anterior Ketone body excretion Liver 
in 24 hours, mg 8 ‘ 
powder Loss per 100 g. rat Weight Fat Fat 
A p. o. 
of 


No. daily g. . per 
of dose Weight weight Ist 2nd 3rd 700 g. 100 g. 
Series rats mg. g. g. day day day Total rat rat liver 
5 160 23 Os 16 2.7 271 143 629 
5 188 171 22 O8 29 168 256 204 171 5:82 
5 540 ave 20 10 221 384 615 332 202 604 


Similar experiments were carried out on fed rats. The animals. were 
injected once daily for 3 days as in the previous experiment. The results 
are shown in Table IV. While the increase in ketone body excretion is, 
in view of the variation in individual values, hardly significant, there is 
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a definite rise in liver weight and total liver fat in the injected animals. 
Further observations upon the liver fat of fed animals are reported in 
the next section. 

Taste IV. Normal female rats. 


Series IV: Injected once daily with 3 0. O. saline. 
Series IV a: Injected once daily with 3 c.c. extract from 3 g. anterior pituitary powder. 
Fed a sufficient diet during the experiment (3 days). 


Ketone body excretion 
in 24 hours mg. Liver 
1 Weight Ist 2nd ard Weight 
t 

Series rats g. g. day day day Total g. mg. p. o. 

1 145 4 14 20 13 47 5-95 227 3-8 
(134-158) (0-09) (5°1-7-0) (207-261) (3-5-4-1) 

8 147 6 13 5&1 30 94 791 661 8-4 
(135-160) (- 13 to +6) (6-0-8-7) (384-882) (5-0-11-6) 


aie rats in series IVa excreted much more ketones than the other six (900 mg. and 


The effect of the anterior lobe extracts on body fat. 


The fat content of the bodies of the animals referred to in Table II, 
series II and Ila, were estimated, and the values given in that table 
indicate that a definite decrease has been produced by injection of the 
anterior pituitary material. Body fat was also investigated in a series 
of fed animals. As injected rats do not eat quite as much as controls, 
the diet of the latter was slightly restricted in an effort to maintain 
the caloric intake of the two groups approximately the same (Table V). 
It will be noted that the injected animals (series Va) gained weight while 
the controls (series V) lost. On the first day of the experiment the gain 
in weight of the injected animals exceeded the food intake. This suggests 
that there was a positive water balance. If so the values for total fat 
are more significant than those expressed as percentages. The total fat 
in the bodies of the control animals was higher than in those of the 
animals receiving the anterior pituitary extract, while the liver weight 
and total liver fat of this latter series were significantly greater than that 
of the controls. While it does not appear probable that the slightly 
smaller caloric intake would exert an appreciable effect on body fat over 
this short period, we base our conclusion that the depot fat is decreased 
by the ketogenic preparation on the results obtained in fasting animals. 
The results in Tables II and VI justify the conclusion that injections of 
the anterior lobe extracts in fasting animals cause within 3 days a decrease 
in body fat which is from 15 to 20 p.c. e observed in the 
control rats. 


— 
fifa 
̃ 
“Qs 
— 
— 
25 
4 
* 
a 
a 
f 
* 
ng 
2 
% 
7 4 51 


— — = LOL OFT fei OD 97g 91% GOI SE LT Ot nA 


— — — — — — — 9 ue 1 9% 


33819 S86 9% GI 689 LS 881 OST 706 GD MES SEI GL SE 581 


68 998 L6 T-¢ 79 95 ˙T * 9•01 PPE res 88 861 OT IA 
a 8 m joy, Aep sep 8 sye1 seg uoroofuy 


Aoupry JOAYT 


o sed QT Zururezuoo HA ng 


puv sfoupry 04} JO [eAourer 1093” . 


wo 18 WH ö %L9 869 Wl 16% BIt 69+ 21 PA 


(9-9-6-1) (9-31-6-) 
‘ord “Bur ‘ord dm ‘ord 3 8 Asp pag ep pug Top 361 8 8781 
8001480} 284 ‘ord Jo ureB 20 6001 N 


OY], oye 9 A "8 [-g Auo 048 Omg A se u ord [-9=Aup sod “3 poog 


g Alrep couo poweofuy : 4 


= 


* 
4 
* 
* 
+ 
2 
4 
— 
* 
J 
* 
* 
og 
3 
— 
© 
— 
4 
2 
© 
* 
15 
454 
4 
4 
© 4 
| 
4 
— 
4 
1 
8 


196 O. H. BEST AND J. 


Jo determine the effect of extracts from tissues other than the 

anterior pituitary, extracts were prepared from fresh beef liver and 
pancreas by the procedure described above for the anterior lobe of the 
pituitary. The results of the injection of these materials and similar 
doses of anterior pituitary extract are summarized in Table VI, series VI, 
Vi a, ö, c. The figures suggest that there may be small amounts of the 
substance producing the effect on liver fat in liver tissue, but we do not 


consider the evidence conclusive. With pancreas there is even less 


evidence. The rate of weight loss of the animals receiving the liver and 
pancreas extracts, as well as those injected with the anterior pituitary 


material, was less than that of the controls. This effect, which is probably 


due to a retention of water, is therefore not specific for the anterior 
pituitary. 

In the latter part of the same table another series of experiments is 
shown in which an extract of dried posterior pituitary glands and of 
“pituitrin” (Parke, Davis and Co., 10 units per o. C.) was injected. The 
extract was prepared by the method outlined above and was given in 
exactly the same dosage and under the same conditions as that from 
the anterior pituitary. The effect on liver fat of this preparation and of 
the commercial pituitrin is shown in Table VI, series VII, VIIa and b. 
On each of the 3 days 1 c. 0. of the “pituitrin” was injected subcu- 
taneously. Under the conditions of our experiments, which it will be 
noted are quite different. from those of other workers, the increase in 
liver fat produced by the commercial preparation containing the oxytocic 
and pressor principles of the posterior pituitary is no greater than that 
observed in the control rats which received saline only. There is a slight 
increase in total liver fat in the animals receiving our posterior lobe 
preparation. The change is of the same order as that produced by the 
liver extract. These findings support the conclusion that the substance 
responsible for the increase in liver fat is associated with the anterior 
and not the posterior lobe of the pituitary. They must, however, be 
considered in light of the apparently contradictory results of other 
workers. In this connection it is necessary to point out that both the 
posterior lobe preparation which we have made and the commercial 
“ pituitrin” consistently cause, with the doses used, a profound prostra- 
tion of the animals soon after each injection. While all the animals 
survived the three doses of “pituitrin”, five of those receiving our 
posterior lobe preparation succumbed. This is not surprising since the 
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dose of this latter material provided several times as much of the pressor 
principle as did that of the commercial “pituitrin”. The same amount 


of the anterior lobe material has never produced any obvious effect on 


the general condition of the animals. They have always survived the 
three injections and appeared to be in excellent health at the end of 


the experiment. 


In some of the experiments the kidneys and the small and large 
intestine were removed from each animal (Tables V, VI, series VI 
and Via). The figures for the fat contents suggest that kidney fat is 
slightly increased and intestine fat slightly decreased by the injection 
of the anterior pituitary material. This is true in the case of both the 
fed and fasted animals, but the significance of the finding for the intestinal 
fat of the fed animals may be doubted since the fat of the intestinal 
contents was not determined. 


Ketone bodies of rabbits’ blood. 

In confirmation of the results of Magistris [1932] it was found that 
the maximum rise in the ketone bodies of the blood of rabbits occurred 
within 2-3 hours after the subcutaneous administration of the extract 
which, it must be noted, was prepared by a procedure quite different 
from that used to make the material administered to the rats. The 
material given to the rabbits does, however, produce an increase in the 
liver fat of the rat, but the effect is less marked than that elicited by the 
alkaline extract of the dry powder. In a series of twelve normal male 
rabbits that received a dose of the extract from 80 up to 170 mg. of 
anterior lobe powder, ketosis was observed. There were considerable 
variations in its degree which did not regularly correspond to the size 
of the dose. But the ketosis rose from an average initial value of 4-35 mg. 
per 100 c. c. blood (1-3-6-3) to an average of 13-9; the smallest increase 
was from 4:5 to 6-5 mg. (dose 170 mg.), the largest from 5·6 to 29-6 
(dose 155 mg.). In one case with a dose of 85 mg. the rise was from 
4-5 initially to 20-7. 

The rise was also noted after thyroidectomy up to the eighteenth 
day. With a dose of 160 mg. of anterior lobe powder in thirteen thyroi- 
dectomized rabbits it rose from an average initial value of 4-63 mg. per 
100 ¢.c. blood (2-7-9-6) to the mean figure 10-26. In one case there was 
no increase but a diminution of 1-2 mg.; in the twelve others the increase 
varied from 1-6 to 14-6 mg. The length of time that had elapsed since 
the operation ranged from 4 to 18 days, but within these limits did not 
seem to affect the results. In two ———— animals the ex- 
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_.. periment was repeated after 4 and 6 weeks respectively, and then they | 
did not respond. In these two the effect of the same dose after adminis- 5 


tration of thyroid by mouth was compared with, the effect before the 
thyroid feeding the result was a return of the response. Four of the 
other thyroidectomized rabbits were also tested, after as well as before, 
thyroid feeding, and they also responded more vigorously as a result of 
the administration; the one animal for instance which failed to show 
ketosis within 18 days of the operation responded after receiving id 
ee per 100 c.c. 


Discussion. 


It is difficult to compare our results with those of previous workers 
in this field, since the fractions prepared from extracts of beef anterior 
pituitary glands, which we have used, may or may not contain the same 
active substances as those studied by other investigators. Furthermore, 
we have administered the material daily for a period of 3 days, and have 
determined the fat content of the liver only at the end of that period. 
Steppuhn [1934] reported an increase in liver fat within 4 hours after 
the injection of an anterior lobe extract, when small doses were used. 
With larger amounts a decrease in liver fat was found. Schultze [1933], 
on the other hand, reported a consistent decrease in the fat content of 
the liver. Very recently Anselmino, Effkemann and Hoffmann 
[1935] reported that there is an increase in the unsaturated fatty acids 
of the liver within a few hours after the administration of an anterior 
lobe preparation containing a ketogenic substance, but they find the 
effect on the total fatty acid content quite indefinite. Raab [1934] 
believes that a hormone responsible for the decrease in blood fat and 
the increase in liver fat is found in both the anterior and posterior lobes 
of the pituitary. He has named the substance responsible for this effect 
“lipoitrin”. The relation of this factor to that which produces the 
mobilization of fat under the conditions of our experiments is as yet 
unknown. 

It will be noted in Table II of this paper that the extent of fat 
deposition is in some cases almost as great as that which can be con- 
sistently produced in the white rat by any of the means at our disposal. 
In four of the nineteen animals the fat content was greater than 17 p.c. 
A histological examination of these livers made by our colleague, 
Dr MacLean, shows that the fat is present in small globules, and that 
the condition resembles that produced by cholesterol feeding more than 
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1 chat usually seen in the livers of animals receiving a diet low in “lipo- 
tropio' factors. Histologically the picture is that of intense fatty 


infiltration with some signs of degenerative changes. The results might 
be quite different, however, if the deposition were produced more 
gradually by smaller doses of the extract. While it is practically certain 
that in the fasted animals the excess liver fat will be chemically similar 
to that present in the depots, we propose to investigate the point in 
subsequent experiments. 

Very little comment on the increased ketone body excretion is 
necessary, since this has been discussed by previous workers. The re- 
sponses are extremely variable, although, in a general way, in the fasted 
animals the extent is proportional to that of the deposition of fat in the 
liver. It is interesting that while there is a very definite increase of liver 
fat in the fed animals receiving the extract, the ketone body excretion 
may be very slight. In our hands the change in the amount of liver fat 
provides a more satisfactory foundation for a biological test than does 
the ketone body excretion. It must, however, be pointed out quite 
definitely here that there is no direct evidence for the assumption that 
the substance which produces ketosis is identical with that which causes 
an increase in liver fat. It appears that the whole subject can be 
advanced most rapidly by adopting a suitable biological test and 
attempting to obtain the substance responsible for the particular effect 
in a state of chemical purity. The increase in liver fat is being used for 
this purpose in these laboratories. 

The decrease in body fat which may be produced by injection of 
anterior pituitary extracts was apparently first observed by Schafer 
[1931]. In our fasted animals the decrease in total body fat has been, 
in each experiment, significantly greater in the groups which receive 
the anterior lobe extract. The figure suggest that this is also the case in 
the fed animals. While the amount of fat lost from the depots is much 
greater than that which can be accounted for by the increase in liver fat 
plus the amount necessary to provide the ketone bodies, the finding that over 
50 p. o. of the fat lost by the depots accumulates in one organ, the liver, cannot 
be without significance in fat metabolism. A further discussion of this 
situation may profitably await the results of metabolism determinations 
which we hope to make. The adiposity associated with pituitary dis- 
turbance or hypothalamic lesions need only be mentioned for its possible 
significance in relation to the fall in depot fat produced by injections of 
anterior pituitary preparations to be appreciated. 

Examination of the tables reveals the interesting fact that in the 
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fasting animals the average loss in weight of those receiving the anterior 
pituitary extracts was less than in the controls that received saline, while 
in the fed animals the gain in weight, where this occurred, was slightly 
greater than in the controls. In some cases the increase in weight of the 
animals receiving the extract was greater than that of the food eaten 
over the same period. This result indicates a positive water balance, but 
direct determinations of water content have not as yet been made. This 
phenomenon is not of particular interest to us at the present time since 
it is elicited by injections of liver and pancreas extracts as well as by 
those from the anterior pituitary. 

The findings of Coope and Chamberlain [1925], which have been 
confirmed by Oshima [1929], Steppuhn e al. [1929], Hynd and 
Rotter [1932], and White [1933], raise a very interesting point. These 
workers observed a deposition of liver fat when very large doses of 
posterior pituitary extracts were administered to rabbits and rats. The 
results in rats are in no case as definite as under the conditions of our 
experiments and in several instances it is permissible to suspect that the 
injection of “pituitrin” produced little if any effect on liver fat. The 
question arises, however, whether the posterior lobe preparations used 
by these investigators were contaminated with the substance, obtainable 
from the anterior lobe, which produces an increase in liver fat under the 
conditions of our experiments. Several of these workers have suggested 
that the effect on liver fat is attributable to the pressor principle of the 
posterior pituitary. Coope and Chamberlain obtained only a slight 
effect with a commercial anterior lobe preparation and they suggest that 
this may be due to a trace of “pituitrin”. The anterior lobes of the 
pituitaries which we have used were, as stated above, carefully separated 
from the posterior lobes, and the extracts did not contain more than 
an insignificant amount of the pressor principle. Acid and alkaline 
extracts of the dried anterior lobe powder were administered intra- 
venously to etherized and also to pithed cats. A very slight fall in 
blood-pressure was obtained in the etherized cats, and an almost 
insignificant rise was found in pithed preparations. Our negative findings 
with one commercial posterior lobe preparation and the slight effect of 
an extract of dried posterior lobes which contained large amounts of the 
pressor principle and which was prepared by the method which has 
provided us with active material from the anterior lobes, strongly favour 
the view that the anterior and not the posterior lobe of the pituitary is 
the primary source of the principle which causes the deposition of liver 
fat we have described. 


- 
* 
a 
. 
x 
aig 
4 
5 
¥ 
4 
* 
7 
2 
* 
™ 
— 
2 
* 
2 
at 
* 
* 
*, 1 * 


ANTERIOR PITUITARY EXTRACTS AND LIVER FAT. 201 


he results with an extract of pancreas were essentially negative, 
but the fraction prepared from beef liver produced a slight but apparently 
definite increase in the concentration of liver fat in the fasted animals. 
The total fat content of the livers, however, was only slightly greater 
than that of the control animals. No great significance can, at present, 
be attached to these results. 

Very little comment on the increase in the ketone body content of 
rabbits’ blood produced by the injection of the anterior pituitary extracts 
is required. Our results confirm those of Magistris, who used the same 
species, and in so far as the effects of thyroidectomy are concerned, those 
of Black, Collip and Thomson [1934], who studied the ketone body 
excretion in rats. The rise in ketone body content of the blood of 
thyroidectomized rabbits can be demonstrated soon after the operation, 
but when the signs of hypothyroidism are more definite the effect is not 
elicited. The responses can be restored by the administration of thyroid 
material. These results and those previously obtained by Black, Collip 
and Thomson indicate that the failure of Eitel, Lohr and Loeser 
[1933] to obtain a response in thyroidectomized animals was due to the 
fact that their animals were in an advanced stage of hypothroidism when 
the injections were made. Their inference that the thyrotropic hormone 
of the anterior pituitary is the ketogenic substance is, therefore, not 
justified by the evidence at present available. The mechanism by which 
the ketogenic response is restored by thyroid feeding is not known, but 
since the liver appears to be the principal, if not the only, site of formation 
of ketone bodies, the action of thyroxine on the ketogenic ability of this 
organ will probably repay further study. 

Only two other points need be mentioned at this time. Clinicians 
have already administered to patients large doses of crude anterior 
pituitary preparations containing the ketogenic substance. In view of 
the very rapid and extensive increase in size of the liver which we have 
observed, it will not be surprising if similar observations are made on 
human subjects. The increase in liver fat produced by large doses of the 
anterior pituitary preparation is not prevented by the administration of 
choline, but we have some evidence that the removal of the fat from the 
liver when the injection of the ketogenic extract is discontinued, is 
accelerated when eine is added to the diet. This latter point is being 
investigated in greater detail. 

A detailed discussion of the physiological significance of the effects 
described in this paper may profitably await the results of further 
experiments. 
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SUMMARY AND CONCLUSIONS, 

1. A rapid increase in size and an intense fatty infiltration of the 
liver, with some signs of degenerative changes, may be produced in 
fasting white rats by the daily. administration for a period of three days 
of a fraction prepared from beef anterior pituitary glands. The average 
figures for the total liver fat and percentage liver fat for forty-seven 
animals injected with the anterior pituitary preparation were 892 mg. 
and 13-4 p.c., while those for approximately the same number of controls 
were 244 mg. and 5-7 p.c. The relation of these findings to those of other 
workers in this field is discussed. 

2. In the fasted rats the increase in liver fat produced by the anterior 
pituitary preparation is accompanied by a decrease in total body fat and 
an increased excretion of ketone bodies. 

3. Similar but less marked effects on the size of the liver and its fat 
content were produced by the same means in fed rats, The results 
suggest but do not prove that there may also be an increased ketone 
body excretion and a decrease in body fat in the fed animals. 

4. An extract of posterior lobes of the pituitary, prepared by an 
identical method, produced only a slight rise in liver fat, Similar results 
were secured with material from liver and even less effect when pancreas 


was the source, A commercial pituitrin’’, in the dose used, had no effect. 


5. The rise in the ketone body content of rabbits’ blood after a single 
injection of an anterior pituitary preparation reached a maximal value 
in from 2 to 3 hours, confirming Magistris. This effect could be demon- 
strated soon after complete thyroidectomy, confirming Black, Collip 
and Thomson. The rise was not elicited in animals exhibiting signs of 
advanced hypothyroidism but was observed again in the same animals 
when this condition had been alleviated by thyroid feeding. 
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THE EFFECT OF WATER INTAKE UPON HUMAN 
REACTIONS TO REDUCED COOLING POWERS. 
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Lex AND MuLDER [1935a, ö] investigated certain reactions experienced 
by unacclimatized human subjects when placed in certain atmospheres 
of reduced cooling power. In their investigations the subjects, in addition 
to taking no food or water for 12 hours prior to the experiment, received 
no water during the first 5 hours in the hot room. We wished to supple- 
ment their observations and check their conclusions by making parallel 
experiments upon subjects who drank known quantities of water at 
frequent stated intervals. 

PROCEDURE. 


ZB.it male junior medical students volunteered as subjects (Nos. 11-16). 


Their ages ranged from 19 to 30 years, and body weights from 52 to 
83 kg., and their health was good. Each subject, having had nothing to 
eat or drink for at least 12 hours, arrived in the morning without hurrying 
and sat down in a “control” room (p. B. 70° F., W. B. 65° F., effective 
temp. 67° F.). After not less than 30 min., a complete set of observations 
was made in this room, in the course of which the subject stripped. He 
then entered the hot room (D. B. 110° F., w. B. 90° F., effective temp. 
95° F.), where he remained for 6 hours. During this time he drank a 
stated quantity of tap water at body temperature every 15 min., and 
ate a standard lunch (two boiled eggs without salt, four cracker biscuits — 
and 1 oz. butter) at the end of the third hour. The following observations 
were recorded and samples taken during his sojourn in the hot room, for 
comparison with those taken in the control room: 
Hourly. Pulse rate; respiration rate; mouth and rectal temperatures; 
urinary volume and samples for titratable acidity, ammonia and chloride 
content; body weight and symptoms. 


University Student in Physiology. * Sharpey Scholar. 
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Periodically. Respiratory volume per min. and venous blood from 
the median cubital vein for 0 content and combining power” 
determinations. 

Three of our subjects (Nos. 11, 12, 13) received 100 0.0. 00 every 
15 min. while in the hot room; three (Nos. 14, 15, 16) 150 C. 0. at similar 
intervals. 


AND RESULTS. 


All readings were made by the observer, none by the subject. 

Since one of the purposes of this investigation is to compare the 
reactions of our water-fed subjects with those of the waterless subjects 
observed by Lee and Mulder [1935a, ö], the results will be given in a 
form permitting of such comparison as well as setting out the individual 
variations in reaction and the differences brought about by the adminis- 
tration of different amounts of water. For convenience of reference, the 
subjects studied by Lee and Mulder in the hot dry room without water 
will be termed “waterless’’, those investigated here the “lesser” and 
“greater water-fed respectively. 

In all figures individual results are indicated. The one individual is 
indicated throughout by the same type of line, and by number. Subjects 
taking 100 Cc. 0. water every 15 min. are represented by circles, those 
taking 150 C. c. by crosses. A thick black line (with triangles) indicates 
for reference the average results obtained upon waterless subjects under 
similar conditions. 

The experimental atmospheric conditions employed were: D. B. 110° F., 
W. B. 90° F., R. H. 44 p. o., air movement 100 ft. per min., effective temp. 
95° F. (The observations given as at zero time were ‘inde in a control 
room at D. B. 70° F., w. B. 65° F., effective temp. 67° F., immediately 
before entry.) 

Pulse rate. 


There is no essential difference (Fig. 1) between the two water - fed 
series. In both there is a mild rise in the 3 hours before food, followed, 
usually, by a greater rise after food, and terminating in a plateau in the 
region of 90 beats/min. Terminal rates are more constant than initial 
rates. Subject 15 is an exception in showing a rapid rise without plateau 
to 110 beats/min. after 5 hours. 

After the first hour all the rates are definitely lower than the average 
for the waterless series; the terminal plateau is much more definite and 
of earlier development. a accelerating effect of food is seen in all 
three series. 
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Fig. 2a. Fig. 25. 
Fig. 2. Body temperature. a, oral; b, rectal. 


Body temperature, 
This was measured by clinical thermometers in both mouth and 
rectum, There is little essential difference (Fig. 2a, ö) between the two 
water-fed series, An early rise is followed by a plateau, which is at a 
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higher level (99-9-100-5) in the rectum than in the mouth (99-2-99-8). 
Food has no effect upon the curves. Final temperatures are more 
constant than initial, Subject 15 is again exceptional in maintaining a 
continuous rapid rise of temperature. 

After the second hour, the water-fed subjects maintain a lower 
temperature than the waterless, especially in the rectum, and attain a 
much more definite plateau. | 

Body weight, 

The subject was weighed upon a platform scale indicating half- ounces. 
The results, corrected for food intake, are given in Fig. 3. In the lesser 
water series the weight at first rises a little, but later tends to fall pro- 
gressively, In the greater water series the initial rise is much more 
marked, but its subsequent behaviour varies with that of its determinant 
factors—sweat loss and urine output. Waterless subjects, of course, 
suffer a progressive weight loss. 

This was determined by computation from weight loss, urine output, 
and water intake, by neglecting loss of weight due to respiratory 
evaporation and respiratory and cutaneous gas exchange. | : 

There is little essential difference between the two water series 
(Fig. 4), except perhaps an earlier onset in the greater water-fed. The 
rate fluctuates about a steady level; there is a reduction in the hour 
succeeding food. Subject 15 is again exceptional in maintaining a 

definitely lower level of sweating than the remaining subjects, 
There was nothing in the nature of bursts of sweating observable 
after the periodical taking of water, such as is seen when larger quantities 
are taken [Lee and Mulder, 19355]. | 

The average level of sweating in the waterless series is a little lower 
than that occurring in the water-fed (56-3 oz. in 5 hours, as compared 
with 67-6 oz.). 

Urine loss. 


The subject emptied his bladder as required into a graduated measure. 
Subject 16 alone experienced some inhibition. 

The “basal” level attained by subjects kept in a normal temperature 
without water lies about 15-30 c.c./hour [Lee and Mulder, 19356). The 
output of the lesser water series (Fig. 5a) never falls below this, and 
frequently lies above it, particularly duting the sixth hour. The output 
of the greater water series (Fig. 50) is usually greatly in excess of the 

“basal”, and represents with some lag roughly the excess of water intake 
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Change from initial body weight (on.) 


Fig. 4. Rate of sweat loss. 


Rate of urine loss (o. o. per hour) 


Rate of urine loss (e. 6. per hour) 
2 8 S 8 2 8 8 8 
2 


j 


Hours of exposure 
Fig. 5b. 


Fig. 5. Rate of urine excretion. a, subjects receiving 100 0.0. water every 15 min.; 
b. subjects receiving 150 c.c. water every 15 min. 
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over sweat loss, The output of the waterless, ee eee 
than the basal“ 

Subject 15 presents no abnormalities, but No. 16 ieee comparative 
reduction of output. 

Percentage of serum protein. 

This was determined with the Abbé refractometer, with the use of 
Neuhausen and Rioch’s data [1923]. Fig. 6 shows that the lesser 
water-fed series experienced a definite concentration of serum protein 
after 2-3 hours, while the greater water-fed subjects suffered no essential 
variation. (The detailed protocol for Subject 15 has been mislaid, but it, 
too, showed no essential change.) 

The initial percentage of serum protein in the water-fed subjects is 
apparently lower than in the waterless; this is probably due to a change 
in the zero setting of the refractometer between the two occasions. 

The concentration in the lesser water series is of smaller extent and 
of later onset than that in the waterless. 


Percentage of haemoglobin. 

This was determined by the Stadie-Wu cyanhemoglobin method 
[Peters and van Slyke, 1932] upon finger-blood samples of 0-2 c. c. The 
sample obtained in the “control” room was in each case taken as the 
standard, and all succeeding samples expressed as a percentage of this. 
The results appear in Fig. 7. 

The curves exhibit the general form of an initial fall followed by a 
recovery. The depth of the initial trough is variable. The subsequent 
rise is generally more marked in the lesser water-fed series than in the 
greater. The average depth of trough and extent of subsequent recovery 
is less in the water-fed than in the two waterless subjects previously 
— Chloride content of whole blood. 

The micro-method of Rehberg [1925] was used, in which samples 
of finger-blood of 0-10¢.c. were employed. The final back titrations 
were made with a modification of Rehberg’s apparatus [Lee, 1935 a] 
(and a little nitro-benzene used to sharpen the end point). Control 
estimations made by this method agreed to within outside limits of 5 p.c. 
Fig. 8 sets out the results. 

The subjects in the lesser water-fed series show a slight tendency to 
a rise in blood chloride, while two of the greater water-fed series maintain 
a steady level. Subject 14 exhibits a much lower initial level, and suffers 
& progressive reduction. 
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Food, 

Hours of exposure Hours of exposure 

Fig. 6. Percentage of protein Fig. 7. Variation in hemoglobin content of blood 


in serum. 5 (in terms of initial content = 100). 


Fig. 8 Concentration of sodium chloride Fig. 9. er 
in whole blood. in urine. 


Urinary chloride excretion. 
The concentration was determined by the modified Volhard- Harvey 
method [Peters and van Slyke, 1932]. The eee rates of excretion 
appear in Fig. 9. 
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All subjects show a progressive fall in chloride excretion, as did the 
waterless subjects. Those in the lesser water-fed series, however, do not 
reach such low levels as those in either the greater water-fed or the 
waterless series. (The initial level in these n on the other 2 is 


also — higher.) 


Blood was withdrawn from the median cubital vein of each subject 
three times: in the control room, 3 hours after, and 5 hours after entering 
the hot room respectively. That from Subjects 11, 12 and 13 was expelled 
under paraffin and stirred with a little powdered oxalate and fluoride, 
and subsequently analysed by the manometric technique of van Slyke 
to determine its CO, content. That from the remaining three subjects 
was withdrawn without paraffin, mixed with the oxalate-fluoride powder, 
placed in a tonometer containing 5 p.c. CO, in O, equilibrated at room 
temperature for 15 min., and then analysed for its CO, content. 

In addition, in four subjects, some of the venous blood was allowed 
to clot and the separated serum analysed for its CO, content after 
equilibration in the same way. The results may be termed respectively 
the CO, content, the CO, combining power of whole blood, and the CO, 
combining power of serum. 

The CO, content (Fig. 10a) at the third hour is lower than its initial 
value, but has risen again by the fifth. The initial fall, but not the 
subsequent rise, was seen also in the waterless subjects. 

The CO, combining power of whole blood usually follows the same 
trends (Fig. 10a) as does also the combining power of separated serum 
(Fig. 106). 

The concentration of acidic factors in the urine was estimated by 
adding together the titratable acidity (to a pH of 7-4) and the ammonia 
content. The former was determined by Henderson and Palmer’s method 
[Peters and van Slyke, 1932], and the latter by the alkaline aeration 
method. The results, expressed as c.c. of N/10 acid per hour are given 
in Fig. 11. 

There is little essential difference in urinary acid excretion between 
the two water-fed series. There is an early rise in nearly all cases, but 
the subsequent behaviour varies. The average output is much greater 
than that achieved by the waterless subjects, and approximates to that 
of normal subjects [Lee and Mulder, 1935a]. In general, titratable 
acid and ammonia contents behave in parallel fashion. Subject 15 
exhibits a very low acid output, conforming to the waterless type. 
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Fig. II., Rate of excretion of titratable acid plus ammonia in urine. 
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Respiratory minute volumes, measured by having the subjects ex- 
‘pire through a calibrated dry meter, showed no essential alterations. 
Respiratory rates, likewise, showed no constant variation. | 


Symptoms. 
| Five of the subjects experienced nothing more than a slight fullness 
of the head, some lassitude and a disinclination to study. There was no 
thirst, irritability or vertigo. This is in contrast to the experience of the 
dehydrated subjects, and is in agreement with clinical experience in the 
use of pyreto-therapy [Perkins, 1931]. 

Subject 15, on the other hand, developed a headache before lunch. 
Although some temporary relief followed food, the symptoms soon grew 
worse, with restlessness, irritability and a sense of confusion. Later the 
respirations became irregular, drowsiness increased and the complexion 
took on a congested and almost cyanotic appearance. At this point the 
subject was withdrawn and made to take a warm * Which — 
most of his symptoms. 

Discussion. 


Body temperature. 

It is W that, with the amounts of water here supplied, N 
equilibrium was maintained in five subjects, merely suffering a shift of 
its equilibrium point to the higher level of 99-9-100-5° F. This is in 
marked contrast to the precarious hold upon stability ana sora by 
the waterless subjects in an equivalent environment. 

If the final excess body temperature reached by the waterless over 
the water-fed be taken as 1-5°C., the body weight as 65 kg., and the 
specific heat of the body as 1, then the excess heat accumulated by the 
waterless subject is 97-5 calories. This is equivalent to the latent heat 
of vaporization of 170 c.c. of water. In this time the water-fed subject 
secreted, on an average, 340 c.c. more sweat than the waterless. If the 
efficiency of utilization of this sweat can be regarded as reaching 50 p.c., 
then the question of the mechanism of thermal adjustment in relation 
to hydration can be regarded as answered. Nevertheless, it would be 
interesting to know whether any qualitative or quantitative changes in 
metabolism result from dehydration, and so affect the heat balance also. 


| Circulatory system. 
Only a few aspects of this complex and highly integrated system are 
touched upon in these experiments. The pulse rate exhibits the same 
lessening of reaction and increase of stability in the water-fed — 
PH. LXXXVI. 14 
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as dyes the thermal equilibrium. The susceptibility of this mechanism 


to food intake, however, does not seem to be affected by the degree of 


hydration, or.body temperature. 

The circulatory volume is almost certainly better maintained in the 
water-fed than in the waterless, as is suggested by the reduction or 
absence of active concentration of blood constituents in these subjects. 
That circulatory efficiency is much better is also indicated by the 
comparative mildness of the symptoms experienced by the water-fed. 

| Chloride balance. 

The restriction upon urinary chloride output which was observed to 
develop in the waterless is apparent also in the water-fed subject, in 
spite of the increased urine flow. This conforms with the observations 
of numerous workers in tropical [Y oung, 1919; Morton, 1932; Marsh, 
1933; Dill e al. 1933], industrial [Moss, 1923] and therapeutic [Stecher, 
1935] fields. 

In three subjects the original chloride level of the blood was well 
maintained, even though the water content of the body was kept up. 
In these cases the chloride reserves were apparently sufficient to effect 
replacement of blood chloride lost in sweat. Transfer of water from the 
blood to the cells (see below) may also assist in maintaining the con- 
centration of chloride. In Subject 14, however, the blood chloride was 
low at the commencement, and fell progressively, indicating that there 
must have been here practically no chloride reserve. This subject 
subsequently volunteered the statement that, while normally disliking 
salt, experienced a marked desire for it in his food that evening. 


Water balance and distribution. 


The percentage of serum protein is the best single index of “blood 
concentration”, though by no means infallible [Lee and Mulder, 
Its 
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We can calculate the average concentration to be expected in the watery 
tissues of the body, if we assume that 65 p.c. of the body weight is water, 
and we know the loss of body weight. We can compare this with the 
“concentration” observed in the circulating blood. The results given in 
Table I emerge from this and previous studies. 

Two explanations are suggested: (1) That continued exposure to heat 
induces a loss of water from the blood stream in addition to that due to 
any dehydration of the body as a whole, and that this is inhibited or 
compensated only when a definite excess of water is presented to the 
body. (2) That addition of serum protein to the blood stream occurs 
during exposure to heat. The fact that the hemoglobin percentage, once 
the initial fall has been established, behaves in a parallel fashion to 
serum protein percentage suggests that the former explanation is the 
more likely. Darrow and Yannet [1935] have shown that a removal 
of electrolyte from the extracellular fluid may induce a transfer of water 
from the extra- to the intracellular phase. The present observation would 
conform with theirs. Such a removal of water from the blood would 
help to maintain the chloride concentration but would adversely affect 
circulatory efficiency. 

It is interesting to note that, in spite of a falling body weight, 
Subjects 11 and 12 did not establish a reduction of urinary volume below 
the normal “basal” level. Apparently dehydration must be well marked 
before the urinary secretion can be reduced to the lower levels encountered 
in the waterless subjects when in the hot room. The failure of the body 
to maintain weight under these circumstances is usually ascribed to a 
protective device for the maintenance of a normal blood chloride level 
[Marschak and Klaus, 1929; Zuntz and Schumburg, 1901]. There 
is no evidence to suggest a failure of chloride reserves in these two 
subjects, however. On the other hand, the operation of such a mechanism 
would not be inconsistent with the reactions of Subject 14. 

The increase of the sweating loss here observed agrees with the 
findings of Kuno [1934] and of Haldane [1935] and his co-workers; 
rather than with those of Laschtschenko [1898]. 


Acid-base balance. 

It was suggested by Lee and Mulder [1935a] that the fall they 
observed in the CO, content of cutaneous venous blood during exposure 
to heat was due partly to loss of CO, through the skin and partly to 
increased cutaneous blood flow. The parallel behaviour found in the 


present studies between the CO, content and combining power of whole 
| 14—2 
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blood and of serum suggest that the variations in the first of these are 
due to a change in the fundamental acid-base factors of the blood as 
well as to a simple local acapnia. This question is the subject of further 
study. It is doubtful whether there is much variation in the pH of the 
blood, since the CO, content and the CO, combining power behave in 


parallel fashion. 
Failure of adaptation. 

When the human body is exposed to hot environments, numerous 
adaptations are essential. Acute failure of adaptation, and breakdown 
of the equilibrium between the body and its environment may result 


from one or more of four physiological crises [Lee, 19356]—thermal 


(heat stroke), circulatory (heat exhaustion), electrolytic (heat cramps), 
or hydrating (thirst). Cases 14 and 15 present some features indicative 
of incipient failure. 

Case 14. Had the experiment been continued, this subject would 
almost certainly have developed the condition of “heat cramps” which 
has been clearly shown to be associated with a hypochloremia [Talbott 
and Michelsen, 1933]. 

Case 15. This subject presents five outstanding differences in reaction 
from the remaining subjects: (i) he shows no attempt at a stabilization 
of thermal equilibrium; (ii) his cardiac rate fails to attain a steady state, 
but the discrepancy is not so marked; (iii) his sweat loss is definitely 
subnormal; (iv) the urinary acid excretion is very low; (v) the symptoms 
are out of proportion to the circumstances. 

It might be thought that the primary failure here lies in the sweating 
response, thermal and circulatory failures being natural consequences 
from this, but subsequent observations have cast doubt upon the validity 
of this simple conception. There is no doubt, however, that circulatory 
failure is the factor which was rapidly bringing about a dissolution of 
his equilibrium with his environment when he was withdrawn. (That his 
more urgent symptoms are due to circulatory failure is indicated by 
their removal by bathing and is in conformity with clinical experience 
[van Zwalenburg, 1933].) We have here an example of what must 
frequently happen in hot climates—the avoidance by the body of the 
major issue of thermal failure by the previous forcing to a crisis of the 
relatively minor issue of circulatory adjustment. It is often the robust 


well-trained man who by avoiding heat exhaustion sate himself open to 
the — of heat stroke. 
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| SuMMARY AND CONCLUSIONS. 

Experiments are described in which unacclimatized male subjects 
were exposed to an atmosphere of 95°F. effective temperature 
(p. B. 110° F., w. B. 90° F.) for 6 hours and given 100 or 150 c.c. of water 
to drink at 15-min. intervals. Observations were made upon certain 
factors entering into the balances of body temperature, circulatory 
function, chloride metabolism, water metabolism and acid-base regulation. 
The variations in individual reactions are noted, and the general reactions 
compared with those found in subjects deprived of water but otherwise 
subjected to the same conditions, the accounts of which have previously 
appeared from this laboratory. Incipient breakdown of equilibrium 
between two subjects and their environment is discussed. The following 
conclusions are reached: 

1. Maintenace of bodily hydration markedly increases the stability 
of the thermal equilibrium and reduces the degree of shift of the equili- 
brium point. 

2. The rate of sweating is somewhat increased in the water-fed as 
compared with the waterless subject; this may be sufficient to account 
for the differences in thermal behaviour. 

3. The circulatory functions are rendered more efficient by hydration, 
as shown by the increased stability of cardiac rate, its lowered deviation 
from normal and the reduction of symptoms referable to inefficient 
circulation. 

4, There is a definite reduction of urinary chloride excretion 8 
exposure to heat, no matter what the urinary volume. 

5. Apart from the concentration of blood consequent upon de- 


hydration, there tends to be a decrease during exposure to heat of tbe 


ratio between water and protein in the serum. 
6. Reduction of urine output below the normal basal“ level found 


in temperate atmospheres will not occur before a certain level of body 


dehydration is achieved. 

7. Certain disturbances in the acid-base equilibrium of venous blood 
reduction of CO, combining power and CO, content—tend to occur 
during exposure to moderate heat. 


We wish to acknowledge our indebtedness to Prof. C. Lovatt Evans and to Dr G. P 
Crowden for their continued interest and valuable criticism, to the London School of 
Hygiene and Tropical Medicine for the use of the Air-Conditioning Room and to the 
subjects who cheerfully submitted to the many discomforts of the experiments. We have 
also to acknowledge the Grant made to one of us (D. H. K. L.) by the Medical Research 
Council from which the expenses of the investigation were met. 
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THE ACTION OF ADRENALINE 
ON SERUM POTASSIUM. 


By JOHN L. D’SILVA. 
Crom the Department of Physiology, King’s College, London.) 
| (Recewed November 7, 1935.) 


In a previous paper [1934] it was shown, and it has since been confirmed 
by Marenzi and Gerschman [1935], while Schwarz [1935] has de- 
monstrated a similar effect in the rabbit, that the concentration of 
potassium in the serum was very promptly affected by adrenaline. 
Following the intravenous injection of 0-05 mg. into cats under chloralose 
anesthesia, it was increased by as much as 50 p. c. within a minute, only 
to fall within the succeeding few minutes. A possible mechanism for its 
control was suggested. 

Two problems arising from this work have now been investigated with 
a view to determining, (a) whether the concentration of the commoner 
cations was affected simultaneously, and (b) what the source might be 
from which the additional potassium was derived. 

Investigation of the changes in concentration of the other cations. The 
work to be described deals only with sodium and calcium. The other 
cations, ¢.g. magnesium, occur in blood in but small amounts, and as 
their contribution to the economy of the total base of the body must be 
small they need not be considered now. 

Sodium. The possibility that sodium as well as potassium might be 
affected by the administration of adrenaline must not be passed over 
lightly in spite of the many physiological differences between them. It 
seems probable, however, apart altogether from any specific action of 
adrenaline on the sodium of the serum, that the disturbance of the con- 
centration of the sum of the bases in the blood, when that of potassium 
is increased, might result in sodium passing out into the tissues. — 5 

Tube action of adrenaline on the concentration of sodium in the serum 
was therefore investigated. 

A blood sample (about 8 c.c.) was collected from the femoral artery 
of a cat under chloralose and allowed to clot. Adrenaline, 0-05 mg., was 


a, > 

* 
— 
ae 
* 
‘va 
7 
+ 
% 
4 
* 
* 
4 
er 
‘ 
* 

2 

5 5 

on 
2 
4 
* 
1 
* 


| J. L. DSILVA. 


injected intravenously and after 1 min. a second sample (8 C. c.) was 
collected, In each sample the concentrations of potassium and sodium 
were determined in the serum. Sodium was determined by Butler and 
Tuthill’s modification [1931] of the method of Barber and Kolthoff 
[1928]. The accuracy of the method in many analyses carried out on 
aqueous solutions of sodium chloride was +2p.c. Potassium was 
determined by Kramer and Tisdall's [1921] cobaltinitrite method with 
an accuracy of +2-3 p.c. | 

Large increases were observed in the concentration of potassium i in 
the second sample i in every case. With regard to the sodium it is clear 
that no change in concentration detectable by the analytical method 
a (Table I). But an error of 4 2 p. 0. in the amount of sodium 


Tann I. Effect of 0-05 mg. of adrenaline on the concentrations of sodium and potassium 
expressed in mg. and millimols (mmol.) per 100 o. o. serum. 

| * Dif. * vin. 
388 169 377 4164 -05 195 0650 263 067 +017 
367 15.9 372 #162 70˙3 «66198 60061 0623-7) +: 0-10 
365 «158 373 16-2 +04 200 O51 263 065 7014 


Exp. 
1 
2 


ini about 350 mg., would make a rarer of less than 7 mg. 
undetectable, that is about 0-3 mmol.,-and the amount that may have 
left the blood to compensate for the observed increase of potassium is 
only about half that amount. So it is not possible to say whether that 
occurred. 

Calcium. This was determined by the method of Trevan and Bain- 
15 [1926] as modified by Patterson [1930]. The results of con- 
secutive analyses on inorganic solutions agree always within +2 p.c., 
and frequently are much nearer. In every case the total calcium was 
estimated. 

The changes observed are very small and probably within the experi- 
mental error. In every case potassium was determined in addition and 
served as a control. The technique of obtaining the blood samples was the 
same as above. 

Serum anions. From the 5 of other investigators it seems cer- 
tain that adrenaline exerts no specific action on the chloride content of 
serum. The concentration of bicarbonate and the carbon dioxide tension 
of blood are somewhat lowered. It is impossible to assess the significance 
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of these variations because of the undeterminable amount, of proteinate 
ion which may be present. 

A possibility. which presents itself is that adrenaline may lead to an 
increase of the ammonia in the blood. If this were so, the concentration 
of potassium would appear to be increased, because ammonia forms an 
insoluble compound with sodium cobaltinitrite analogous to that formed 
by potassium. But no differences have been observed between deter- 
minations of potassium carried out on ashed and unashed samples of 
serum. 

As adrenaline apparently exerted a specific effect on the serum 
potassium, it was of interest to determine the site from which the base 
was mobilized. That it was not the alimentary canal was shown in a 
previous [1934] paper; evisceration did not abolish the response to 
adrenaline. A connection between the pancreas and this reaction was 
suggested, but adrenaline still mobilized potassium in a 
animals, 

The following evidence was obtained for canting the liver as the 
source of potassium. 

(1) Ereluston of the portal area from the circulation. Tha: ec 
response of the animal was determined as described previously (blood 
samples of about 5 C. c. from the femoral artery) and the animal was then 
allowed to rest for ? hour in order that the potassium should have re- 
gained its original level [D’Silva, 1934]. The anterior and posterior 
mesenteric arteries, the coeliac axis and the portal vein were ligatured, 
so as to avoid engorgement of the abdominal viscera without disturbing 
the animal more than was necessary, and after a few minutes a normal 
blood sample was obtained. Then 0-05 mg. of adrenaline injected intra- 
venously caused no change in the concentration of potassium in the 
serum after 1 min. as shown in Table II. Incidentally this indicates that 
the muscles contribute nothing to the potassium changes of short 
duration which are under investigation. 


Tann II. Effect of adrenaline after exclusion of the liver from the circulation in cats. 


Normal Potassium Normal Potassium 
serum po- I min. after after he- 1 min. after 


Exp. tassium adrenaline patectomy adrenaline Remarks 
1 17-9 27-4 3 
2 21-1 29-1 5 8 
3 23˙1 37-0 25 23-4 Starved for 2 days 


. is an objection to this . as the operation not only 
renders the blood-pressure unstable (and often causes an increase in the 
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normal concentration of potassium), but frequently causes a rapid fall. 
The mobilization of potassium by adrenaline has been observed over a 
wide range of blood-pressure (not below about 80 mm.) in many cats, 
but the records do not indicate a correspondence between it and the 
potassium response to adrenaline. 

(2) Comparison of the potassium in blood from the hepatic vein with that 
in blood from the femoral artery. Blood from the hepatic vein was obtained 
as follows: An incision was made in the mid-line just below the diaphragm 
and extended laterally just below the course of the lowest rib and parallel 
to it on the right side of the cat, far enough to give easy access to the 
hepatic vein when the muscles were retracted and the liver pushed gently 
aside. Blood samples of 5 C. 0. were withdrawn easily during 20 sec. by 
means of a 10 c. o. syringe fitted with a No. 13 needle. When the needle 
was withdrawn from the vein there was no hemorrhage, and subsequent 
samples were got by inserting the needle into the vein through the 
original wound. 

Successive samples obtained from this vein on analysis emed 
concentrations of serum potassium identical with those obtained from 
the femoral artery, within the limits of experimental error. 

(3) Comparison of the effects of injections of adrenaline into a systemic 
vein and directly into the portal system. A cannula was fixed into one of 
the veins from the spleen. This did not interfere to any extent with the 
venous return from that organ and was convenient. The spleen was 
brought to the ventral surface of the body and the cannula fixed in 
position by suitably stitching the wound through which the spleen was 
reached. 

The results obtained are detailed in Table III. From Exps. 2 and 3 it 
is observed that the response to adrenaline injected into the portal 
system is several times as great as that when the drug is injected into the 


TaxIX III. Time in minutes after injection in brackets, 


Adrenaline Serum potassium 
Exp. mg. Site of injection Normal. After adrenaline Remarks 
1 0-02 Splenic vein 398 (1) 
2 0-05 Arm vein 18-4 “24-2 (0-5 Same animal 
0-01 Fplenie vein 186 24.0 (0-5) {2nd injection wher 
3 0-05 Arm vein 21-2 26-2 (0°5 
0-01 Splenic vein 20-3 26-5 (0-5 
4 0-05 Arm vein 21-3 41-5 (1) 
5 0005 Arm vein 172 ame animal 
0005 Splenie vein 17,4 {2nd injection after 
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general circulation. Approximately the same increase in the concentra- 
tion of potassium is obtained by injecting 0-01 mg. into the splenic vein 
as is given by injection of 0-05 mg. into the vein of the forelimb. This is 
taken as strong evidence of the liver being a source of potassium. It is 
important to notice that the blood samples in these experiments were 
withdrawn 0-5 min. after injection of the drug. The results are not so 
conclusive, especially with small doses, when samples are taken a longer 
time after injection, as, for example, 1 min. in Exp. 5. Here equal 
doses (0-005 mg.) injected into the arm vein and the splenic vein resulted 
in increases of 4-2 and 6-4 mg. per 100c.c., respectively. In several 
experiments large doses (e.g. 0-02 mg.) were injected into the splenic 
vein. In nearly every case, of which one is recorded, there was an increase 


of 90-100 p.c. in the potassium in the serum of blood withdrawn from the 


hepatic vein after 1 min. During the past two years in very many experi- 
ments doses even as big as 0-05 mg. were injected into the arm vein and 
caused an increase of no more than 70 p.c. in the serum of blood drawn 
from the femoral artery, often considerably less. 

(4) The action of adrenaline on the perfused liver. The object of the 
experiment was to determine directly, without the complications of the 
muscles of the body, whether or not adrenaline caused any liberation of 
potassium in the liver, 

First of all both adrenals were excised under chloralose, in order to 
prevent the discharge of adrenaline when the animal was bled. A ligature 
was then passed, but not tied, round the inferior vena cava below the 
diaphragm but above the entry of the renal veins. The portal vein was 


dissected out as far from its entry to the liver as possible and two ligatures 


were passed round it, one slightly distal to the other. Usually it was 
necessary to tie a branch of the vein which enters it in this region. During 
the succeeding few minutes, the temperature of the perfusion fluid was 


brought to 38° and the cannul prepared. The distal ligature on the portal 


vein was tied and the perfusion cannula, dripping slowly, was tied into 
the vein. Immediately the chest was opened and an incision made in the 
inferior vena cava near the heart. The perfusion rate was increased 
greatly to wash the blood out of the liver, and simultaneously the ligature 
on the vena cava, posterior to the diaphragm, was tied. After about 
2 min. most of the blood had been washed from the liver, and then a 
cannula was inserted into the inferior vena cava and the perfusate 
collected through it. The liver was kept warm by means of a heater and 
the closure of the mid-line incision through which the structures N 
to the diaphragm were reached. 
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Hitherto, in these experiments, the hepatic 8 has not been per- 
fused or even tied for two reasons: (a) it was considered essential to 
maintain the natural oxygen supply of the organ to the last possible 
moment, and (b) the relative blood supplies from the hepatic artery and 
the portal vein are such that there is unlikely to be any appreciable 
back-leak through the artery, especially with the low perfusion pressure 
(about 25-30 cm. of water) used. Any other collateral circulation is 
negligible. 

The perfusion fluid used was a modified Ringer’s fluid in which the 
concentration of potassium was reduced to between 17 and 19 mg. per 
100 ¢.c., and which to improve the buffering was made more alkaline; it 
was necessary to bring the pH up to 7-8 in order to obtain an outflow of 
pH 7-3 or 7-4. The fluid used by van Dyke and Hastings [1927-8] has 
proved far more satisfactory. 

Adrenaline, 0-1 or 0-2 mg., was injected into the perfusion fluid, and 
samples of the perfusate were collected during successive periods of 
1 min. (Table IV). The reaction, a marked increase in concentration of 


Potassi 100 0.0. of perfusate. Time Adrenaline 


18˙8 (1) 0; 273 (1) 18-8(2); 17-5 (3) 0-1 

26-2 (1); 19-0(2); 168(3) 0-2 
19-4(—1); 0; 25-4 (1); 20.8 (2; 20-4(3) 0-2 
18-8 (-1); 0; 24-7 (1); 21-1 (2); 17-2 


Exp. 
1 
2 
3 
4 
potassium in the perfusate, was very rapid, nearly all the potassium 
liberated being found in the fluid collected during the first minute. The 
figures obtained are far outside the experimental error, +2 to 3 p.c., 
and establish the liberation of potassium by the liver as a result of the 
action of adrenaline. 

Connection between the liver glycogen stores and the power of the animal 
body to mobilize potassium in response to adrenaline. In one experi- 
ment a cat was first starved for 2 days and then under ether and 
chloralose the injection of adrenaline 0-05 mg. into a systemic vein caused 
the potassium concentration to go up from 23-1 to 37-0 mg./100c.c. 
after 1 min. It is apparent, therefore, that the phenomenon occurs 
even when the amount of glycogen in the liver is greatly diminished. To 
obtain further evidence on this rats were used because of the ease with 
which they can be rendered almost free from hepatic glycogen and 
because of the convenient size of their livers which can be taken entire 
for analysis. In the first experiment six rats were chosen at random 
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from stock and divided into two groups. The controls were killed by a 
sharp blow on the head and the livers were excised as soon as possible, 
washed in saline, dried between filter paper, and then for 12-15 hours 
in a steam oven to constant weight. After 5-8 hours the tissue was 
broken up to facilitate drying. Dry ashing, followed by digestion with 
about two drops of concentrated nitric acid, gave a colourless residue 
easily soluble in 0-5 c.c. of concentrated hydrochloric acid. The solution 
was transferred quantitatively to a measuring flask and the potassium 
was determined. 7 

The experimental animals were starved for 54 hours and the liver 


tissue was analysed in the same way. In another series a batch of eight 


rats was starved for 24 hours and then given a solution of glucose in 
water, 10 mg./g. body weight, 4 hours after which four rats were killed 
and their livers analysed for potassium. These served as controls and 
were assumed to have considerable liver glycogen stores, as Cori, Cori 
and Buchwald [1930] found. The remaining rats were starved for 24 
hours, at the end of which time their glycogen stores were almost com- 
pletely depleted, before their liver tissue was analysed for potassium. 
In both series, the livers of the starved animals contained slightly 
larger amounts of potassium, but this is probably due to some secondary 
cause (Table V). It seems clear that the potassium content of the liver 


is independent of the glycogen stores in the organ. 


Suns | 2 
Percentage 
um 
Exp. in liver Mean Exp in liver Mean 
1 1-72 1 1-48 : 
1-70 p-c. 

2 1-72 2 1-53 1-47 p.c. 

3 1a controls 3 lost controls 

CC 

6 1-84 6 : P. o. 
7 2 starved 

| 8 1-48 


The action of insulin on the concentration of potassium in the serum. 
This has been found by several experimenters to lower the concentration 
of potassium in the serum. Large doses were given to cats under chloralose 
with little result (Table VI). It is possible that chloralose may retard 
the hypoglycamic effect of the drug. Relatively large doses of insulin 
were necessary. Doses as large as 5 units per kg. have no effect when 
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Tant VI. Effect of insulin in cats under chloralose. 
Potassium concentrations. Time in min. after 


Exp. | injection in brackets Insulin, units 
1 21. (0% 21-5 (15); 220 (20); 20-8 (25) 10 subsut. 
2 16 8 (46); 166 (90); 17.0 (38) 15-4 (180) 
3 16.2 (0% 15.2 (50) 17-5 (60); 16-8 (120) 17-5 intraven. 
21-7 (90 of 10 
; 20-5 (60); 21 0. 
4 20-4 (30); 20-5 (60) (90) 


injected subcutaneously and but a small effect when injected intra- 
venously. Decreases of nearly 50 % have been observed in unanesthetized 
dogs [Kerr, 1928; Briggs, Koechig, Doisy, and Weber, 1923-4] 
and in rabbits [Harrop and Benedict, 1924]. In Exp. 4 glucose was 
injected intravenously in an attempt to study the effect on the serum 
potassium of the insulin which the animal would secrete in response to 
the rise of blood-sugar level. No effect was observed. 

In a previous paper [1934] a marked decrease in the concentration 
of potassium in the serum was described as following the large initial 
increase after intravenously injected adrenaline, This was thought to be 


due to a secretion of insulin resulting from the hyperglycemia induced 


by adrenaline. The idea was supported by the fact that pancreatectomy 
abolished the “after fall”. In view of the experiments now described 
on the influence of insulin on the serum potassium, it seems difficult to 
reconcile the two experiments unless, indeed, the pancreas is capable of 
secreting massive quantities of insulin or, alternatively, the secreted 
hormone is in a highly active condition. 

The concentrations of serum potassium following the injection of 
adrenaline, 0-05 mg., into a systemic vein have now been followed from 
blood samples withdrawn from the hepatic vein. The results in Table vu 
show that an “after fall” definitely does exist. 


Tanin VII. The “after fall” in the concentration of potassium occurs in the hepatic vein 
following 0-05 mg. of adrenaline intravenously. 


Potassium concentration in mig./100 0. o. Time in min. after 
injection in 


18-4 (0); 24-2 (0-5); 16-9 (5-5); 17-3 (12-5 From he 
21-0 (0); 27.6 (0-5); 19-5 (5-5); 17 155 3}, 20-3 (88-5) From 
21.3 (00: 41.6 (1); 21.3 (7) From he 
19-1 (00 17.7 (7): 165 (14); 11.3 (21 From he 
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Discussion. 


In 1934 the remarkable correspondence between the changes that 
occur in the blood sugar and blood potassium under any given set of 
conditions was recorded [D’Silva]. It was suggested that the two 
phenomena were closely correlated in some way. That suggestion receives 
support in the present work, inasmuch as the liver is shown to be the 
source from which both substances are mobilized by adrenaline. The liver 
does not contain abnormally large quantities of potassium, but it is 
possible that the base, or a part of it, is disposed in the cells in some way 
peculiar to that organ. If smears of liver tissue are examined by 
Macallum’s [1905] method the distribution of potassium in the cells will 
be observed to be different from that in skeletal muscle, for example. 

Apart from the result of the action of adrenaline there appears to be 
no difference between the concentration of potassium in the serum of 
hepatic and systemic blood. If any, the differences would be very small 
and within the limits of analytical error, added to which, any excess of 


_ potassium in the blood so rapidly disappears that the concentration of 


potassium cannot be built up” in the serum, as sugar can, the threshold 
of which is so much above its normal concentration. 


SuMMARY. 


I. Adrenaline when injected intravenously into cats under chloralose 


antesthesia is without any specific effect on the calcium of the serum. Any 
change in the sodium that may occur is too small to detect. The effect on 
potassium is specific. 

2. The liver is the source from which the potassium is mobilized 
following an injection of adrenaline because: (i) exclusion of the liver from 
the circulation abolishes the effect; (ii) blood from the hepatic vein 
contains more than that from the femoral artery; (iii) injection of 
adrenaline into the portal vein produces a much more marked effect on 
the concentration of potassium in the hepatic vein, than injection into an 
arm vein; (iv) adrenaline liberates potassium from a perfused liver. 

3. The potassium content of the liver tissue of rats is independent of 
the glycogen stores of the organ. 

4. Only very large doses of insulin diminish the concentration of 
potassium in the serum of cats under chloralose. 


This research was carried out during the tenure of a Sir Halley Stewart Fellowship. My 
thanks are due to Prof. R. J. 8. McDowall for his criticism, and to Mr J. McWhan for his 
help with some of the experiments. 
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SOME FACTORS INFLUENCING THE SURVIVAL OF 

RATS AFTER ADRENALECTOMY AND THE. SUITA- 

BILITY OF THE YOUNG RAT FOR TESTING THE 
POTENCY OF ADRENAL CORTICAL EXTRACTS. 


By R. A. CLEGHORN, 8. M. M. CLEGHORN} 
M. G. FORSTER? anv G. A. MoVICAR. 


(From the Department of Medicine, University of Toronto, and the 
Department of Physiology, The University, Aberdeen.) 


(Recewed October 12, 1935.) 


THE present study of the adrenalectomized rat was originally undertaken 
in order to determine the reliability of this animal for testing the potency 
of adrenal cortical extracts. Hitherto the dog has been chiefly used for 
this purpose [Harrop, Pfiffner, Weinstein and Swingle, 1932], but 
a small laboratory animal, such as the rat, is preferable from the stand- 
point of convenience and economy. We hoped, therefore, to be able to 
standardize the conditions for a rapid method of assay of extracts. In 
this aim we were encouraged by the reports of Kutz [1931] and 
Grollman and Firor [1933] which indicated the suitability of the 
young rat for this purpose, since they found that adrenalectomy at one 
month of age was almost invariably fatal within a few days. 

While we have confirmed the fact that early death is the usual result 
of removal of the adrenals in young rats, certain factors have become 
apparent which markedly affect survival and growth after adrenalectomy. 
As a consequence, the utility of the rat, as used by Grollman and 
Firor and, more recently, by Coffey, Webster and Main [1935], for 
assay of the adrenal cortical hormone is greatly modified. A number of 
our findings bear also on the general problem of the function of the 
adrenal cortex and will be discussed. 

Until recently it was accepted that a large proportion of rats invariably 
survived adrenalectomy. Since 1930, however, a number of workers have 
1 Voluntary worker. 2 Carnegie Trust Scholar. 
PH. LXXXVI. 15 
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reported series in which a high mortality was obtained. These con- 
tradictory findings are summarized by Gaunt [1933], who presents 
evidence towards the solution of the conflicting results. He found that 
the strain of rat used was important: four colonies of his rats had a 
95 p.c. mortality with an average survival of 7 days, while a fifth showed 
a 60 p.c. survival for 30 days or longer. Further, he was unable to 
confirm the view, held by others, that the results were influenced by the 
amount of tissue removed from around the gland. In spite of the 
apparent conclusiveness of this work, reports continue to appear which 
controvert it [Agate and Zwemer, 1935; Schultzer, 1935}. Our study 
contributes to an e sip of the conflicting results. 


METHODS AND MATERIALS. 


Albino rats from four sources, all alleged to be of Wistar origin, and 
a few of a piebald strain bred at the Rowett Institute, Aberdeen, were 
used. The following abbreviated designations of the rats from these 
sources will be used throughout the paper: 

(1) C. indicates the rata obtained from a dealer near Toronto. 

(2) P. indicates the rats obtained from a Philadelphia dealer. 

(3) Conn. Lab. indicates the rats obtained from the Connaught 
Laboratories, University of Toronto. 
(4) Glaxo indicates the rats obtained from the Glaxo Laboratories, 
London, England. 

(5) Pb. indicates the nats obtained from the Rowett Institute, 
Aberdeen. 

The diet used for the first three groups was Purina Dog Chow, which 
contained the following ingredients: meat, wheat germ meal, dried skim 
milk, cod-liver oil, black strap molasses, oat cereal, corn cereal, wheat 
cereal and mineral salts including iodized salt. Analysis is said to show 


a protein content of 19 p. o., fat 4-7 p. o., carbohydrate 56 p. o. and sodium 


chloride 1 p.c. Where supplement was used with this diet indication is 
given. 

The diet of groups 4 and 5 was a meal cake made up at the Rowett 
Institute, with milk, bread and cabbage as a supplement. The meal cake 
contained the following ingredients: wheat middlings, ground wheat, 
ground oats, ground barley, meat and bone meal, ground maize, dried 
separated milk, whitefish meal, cod-liver oil, dried yeast and sodium 


chloride 0-43 p.. All rats had constant access to an adequate supply 
of water. | 
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Up to 24 or 25 days of age milk was essential for the promotion of 
maximum growth. After that time the Purina or meal cake was adequate 
alone. The rats were kept in clean wire-mesh cages in a room where the 
temperature varied only a few degrees from 70° F. 6 

For bilateral adrenalectomy the operative technique described by 
Firor and Grollman [1933] was used, with ether as the anesthetic. 
The operation occupied 3-4 min. No elaborate aseptic precautions were 
taken, but sepsis did not occur. No special precautions were taken to 
keep the animals warm after operation. Early work showed that animals 
operated upon within 24 hours of their arrival in the laboratory lived 
but a day or two. Consequently, as a routine procedure, the rats were 
kept at least 2 days before operation. Latterly this minimal period was 
extended to 5 days. In many instances it was much longer. 

The symptomatology of adrenal insufficiency in the rat has been 
well described by many workers, e.g. Firor and Grollman [1933], and 
the post-mortem findings also, e.g. Jaffe [1926]. To this we have nothing 
to add, so mention will be made only of the presence or absence of 
accessory cortical tissue at autopsy. 

The term “extended”, used in the tables with reference to the 
period of survival, means, unless otherwise stated, that the rats referred 
to were alive and rapidly gaining weight at least 3 weeks after operation. 

The results will be described in four parts, of which Part II alone 
deals with the work done in Aberdeen. 


Part I. THE DURATION OF SURVIVAL OF RATS AFTER ADRENALECTOMY. 
Control Series I—C. rats. 


The first group operated upon consisted of seventy-eight rats, about 
1 month old, weighing 35-60 g. Ninety-five p.c. of these died within 
11 days. There was no sex difference in the average duration of survival 
which was 5-2 days. The four animals showing prolonged survival 
periods, and killed while still rapidly gaining weight, were females. At 
autopsy these possessed nodules having the macroscopic appearance of 
cortical tissue. None of the others showed any significant gain in weight 
after operation: instead, their weights at death had usually decreased 
by 4-20 p. o. 

This result was in substantial agreement with that of Kutz [1931], 
though Firor and Grollman [1933] gave 1 day as their usual survival 

15—2 
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period for such young rats. We, therefore, confidently set about testing 
cortical extracts which we were preparing at that time. 

As a matter of interest we extended the study of the effects of 
adrenalectomy to older, heavier rats. she results are summarized in 
Table 1. 


Tam I, Summary of results of adrenalectomy of 132 C. rats. Diet Purina. 


Weight group No. A survival* 
(g.) of rats days) Comment 
35-00 78 5˙2 4 extended survivals, all females; 
otherwise no sex difference 
680-80 5˙5 No sex difference 
80-100 11 (wales) 73 
Is (females) 11-4 4 survived 15-18 days 
100-183 15 9-7 No sex difference 


Average survival exsludes those living extended periods. 


| Part II. THe INFLUENCE OF DIET ON THE SURVIVAL 
OF ADRENALECTOMIZED RATS. 


Concurrently with the above work, observations which were being 
made in the Department of Physiology in Aberdeen reopened the whole 
question of the validity of using the young adrenalectomized rat for 
estimating the potency of cortical extracts. There it was found that 
young piebald rats from the Rowett Institute, fed on a diet consisting 
of meal cake, bread, milk and cabbage, showed a large percentage of 
indefinite survivals after adrenalectomy. Variation in operative technique 
was not responsible for these conflicting results, since a group of Pb. rats 
adrenalectomized by the operator of Control Series I showed a similar 
large proportion of long survivals. Though difference in the strain of rats 
used was thought to be a possible explanation, as in the work of Gaunt 
1933], the following experiments show that extended survival periods 
occur in Wistar stock also when given the above diet. Removal of the 
supplement of bread, milk and cabbage from the diet, however, brought 
the results into harmony with the findings reported in Part I. 

Thirty-four Glaxo rats, weighing 41-63 g., were adrenalectomized 
whee 34 days of age. The result as represented in Fig. 1 shows that only 
one rat died by the ninth day. When, however, the bread, milk and 
cabbage supplement was withheld from sixteen of the group, the majority 
of these declined in weight at once and died within a few days. On the 

other hand, the majority of the remaining seventeen rats, on the full 
mixed diet; were still living and gaining weight on the thirty-first day, 
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Fig. 1. Effect of withholding dietary supplement on incidence of death of adrenalectomized 
month-old Glaxo rats. Unshaded area, rats receiving full diet of meal cake and 
supplement of bread, milk and cabbage. Hatched area, supplement withheld; sixteen 
rats receiving meal cake only from ninth day. 
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Fig. 2. Incidence of death of adrenalectomized, month-old Glaxo rat on different diets. 
Each solid column represents percentage of deaths on the days indicated of nineteen 
rats belonging to the meal cake diet group. Each hatched column represents percentage 
of deaths on the days indicated for eighteen rats belonging to meal cake, bread, milk 
and cabbage group. 

when they were killed. In only one of these was cortical tissue found 

by histological examination of tissue removed at autopsy. 

The inability of meal cake alone to sustain life in the adrenalectomized 
rat, —_— this food is adequate for normal rats, was verified by an 
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experiment in which nineteen Glaxo rats, similar in age and weight to 
the above, were fed meal cake alone prior to and after operation. Not 
one survived more than 10 days. This result is compared in Fig. 2 with 
that obtained with the series of eighteen rats of the preceding experiment 
where the diet included bread, milk, and cabbage as well as the meal cake. 

We were also able to show that the period of survival of young 
adrenalectomized Pb. rats was similarly influenced by diet. Only eight 
of these rats of a month old were available, but when fed on meal cake 
seven died between the fifth and seventh days after operation, and the 
other on the fourteenth day. This strain, then, is no exception to the 
others investigated, and the many long survivals previously occurring 
can be fairly attributed to the influence of the dietary supplement of 
bread, milk and cabbage. 

That cabbage did not contain the factor responsible for extended 
survival was shown in an experiment in which seven Glaxo rats receiving 
cabbage as well as meal cake were adrenalectomized at 28 days of age. 
The average duration of survival—5 days—was actually less than that 
of a similar control group operated on at the same time and fed on meal 
cake only. 

Although it was still necessary to exclude by experiment the possi- 
bility that milk might be the effective agent, suspicion that the sodium 
chloride content of the bread might be the cause was entertained in 
view of the well-known effect of this constituent in ameliorating the 
symptoms of Addison’s disease [Loeb, 1933], and of prolonging the life 
of adrenalectomized dogs [Stewart and Rogoff, 1925; Banting and 
Gairns, 1926; Swingle and others, 1934], cats [Zwemer, 1934], and 
rats [Rubin and Krick, 1933; Gaunt, Tobin and Gaunt, 1934]. The 
work was unavoidably interrupted at this point and the sodium chloride 
content of bread was not determined until this aspect of the study was 
taken up later in Toronto (see Part III). : 

A contribution to the solution of this problem, however, was made at 
this time by our colleague, Dr Hans Kosterlitz. While working on 
quite another problem which involved the use of rats fasted for 24 hours, 
he had observed that the rat’s stomach was empty after such a fast if 
the animals had been on a diet of bread, but it was not empty if the diet 
had been meal cake, This observation suggested that adrenalectomized 
rats with diminished appetite—a constant and early symptom of adrenal 
insufficiency—-might eat bread while refusing to eat or unable to deal 
with the high-residue meal cake. Experiments performed at a later date 
(see Part III) showed that rats, ‘after adrenalectomy, actually do eat 
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bread in preference to other food such as Purina which, it will be recalled, 
resembles meal cake. 

The net result of the consumption of bread is a higher caloric intake 
which, in itself, may be an explanation of the prolongation of life of 
animals on the bread, milk and cabbage supplement. This was the 
suggestion of the late Prof. J. J. R. Macleod. 


Part IIIA. Tan DURATION OF SURVIVAL OF RATS 
AFTER ADRENALECTOMY. 


(1) Control Series IIC. rats. 


The investigation of the influence of different dietary factors on the 
survival of rats after adrenalectomy was taken up in Toronto in the 
autumn of 1934, but first, as a control, a re-examination was made of 
the life span of adrenalectomized C. rats on a standard diet. This series 
was composed of 124 rats from 4 weeks to 8 months of age. Purina Dog 
Chow was the sole food as before. Care was taken to have the rats in 
the laboratory at least 5 days before operation. The results are summarized 
in Table II. ' 


Tastx II. Summary of results of adrenalectomy of 124 C. rats. Diet—Purina. 
| Survival* Percen distribution of survivalst 
group. Average Range —6 7-11 12 
Ig.) No. Sex (days) (days) days days days— Extended 
40-60 18 Males 86. 3-14 22-2 61-1 16-6 
16 Females 80 4-12 37-5 43-7 12-5 
60-80 14 Males 96 7-13 0. 85-7 14:3 
16 Females 13:3 5-23 6-2 31-2 50-0 
80-100 15 Males 93 412 20-0 60-0 20-0 
16 Females 11-7 3-30 125 562 312 
100-320 22 # Males 98 421 40-9 22-7 36-4 
7 Females 184 6-22 14-3 0 85-7 | 


* Excludes extended survivals. 
+ Calculated to include extended survivals. 


oo Be ao 


The lengthened duration of survival in each weight group as compared 
with those of the first series (Part I) we attribute to the longer residence 
of the animals in this laboratory before operation under the better 
temperature and nutritional conditions obtaining there. As in the 
previous series, prolonged survivals were confined to females. This is 
apparent in the rats of 60-100 g. in weight and may be caused, we 
believe, by the onset of cestrus, since it has been shown that “heat” has 
this effect in dogs [Stewart and Rogoff, 1928]. Regarding the long- 
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surviving animals of the small group of adult females, we do not wish 
to comment except to emphasize that these rats were kept in the 
laboratory for weeks before operation, as were also a comparable group 
of males which were received and operated upon at the same time as 
the females. No definite nodule. of cortical tissue was found in the 
females marked extended survival. Cortical tissue is easily identified, 
as a rule, in rats which gain weight rapidly after adrenalectomy, if these 
are allowed to live more than a month. Earlier than this the tissue is 
often not seen. ; 

Comparison of the weight curves of the young 40-60 g. rats, after 
adrenalectomy, shows two facts of interest. Firstly, the great variation 
in the age at which different rats attain a comparable size: some did not 
attain 50 g. in weight by 34 days of age when they were operated upon; 
others reached this weight by 26 days of age. Secondly, in this series 
many more rats increased considerably in weight after adrenalectomy 
than in the first series. Six of the eighteen males showed an increase 
of 10-14 g. after adrenalectomy. This fact renders weight increase in 
rats treated with cortical extract an unreliable index of the hormone 
content of such extract, unless the test is carried beyond a week at least. 


(2) Control Series III—P. rats. 


Having confirmed our earlier finding that death almost invariably 
follows adrenalectomy in C. rats on a Purina diet, we were anxious to 
determine whether this was true for Wistar stock from other sources. 
Consequently, an experiment was done using animals obtained from a 
dealer in Philadelphia, U.S.A. A group of nine of these, both males and 
females and weighing from 50 to 60 g., were adrenalectomized when 
33 days old. Purina was the sole food. The average survival period was 
6-1 days and 88 p.c. of deaths occurred between 3-5 and 7-5 days. The 
rats had been in the laboratory 9 days at the time of operation. All but 
one lost weight steadily after operation. Twelve others, with milk 
supplement, behaved similarly, and these results are considered along 
with those of the above experiment in Table III. 


(3) Control Series 1V—Conn. Lab. rats. 


Finally, a group of rats of Wistar stock was secured from the Con- 
naught Laboratories through the kindness of Prof. C. H. Best. Of these, 
twenty males were adrenalectomized when between 40 and 60g. in 
weight and 26-28 days of age, and fed on Purina. The resulting average 
survival was 10-9 days, excluding two which were killed while still 
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gaining weight rapidly after 18 days, and in which nodules having the 
macroscopic appearance of cortical tissue were found. 

In addition to this month-old group, a series of thirty-one ‘ile, 
10 weeks old, were also adrenalectomized. The average duration of 
survival of these rats was 17-9 days, almost ¢wice as long as the survival 
of C. rats of comparable size. Six of the thirty-one are not included in 
the average figure since they were healthy and gaining weight more than 
6 weeks after operation, when they were killed. Cortical tissue was 
identified histologically in five. 

These results are detailed in Table III, in which a comparison with 
the previous two series is made. 


Taste III. Duration of survival of adrenalectomized rats from different sources.* Diet 
Purina, except twelve of P. rats which received milk as well. Average weight of each 
group of young rats 50-51 g.; adults all over 130 g. and 9 weeks of age when operated. 


Survival § Percentage distribution of survival 
— — 


No. r mi 
of A Range —6 7-11 12 Ex- 
Source rats (days) (days) days days days tended 
Young rats 


C. Series peas &females) 34 83 3-14 204 629 # 147 2-9 
P. Series III (males & females) 21 53 213 80 143 48 0 
Conn. Lab. Series IV (males) 20 109 614 1000 300 5800 100 


Adults: 
C. Series IT 22 98 421 409 227 364 0 
Conn. Lab. 31 864179 7-29 0 160 645 


Just as the survival period of these Conn. Lab. rats is longer than 
that of the others, so the weight gain after adrenalectomy is greater. 
Whereas 33 p. c. of the C. males (Series II) increased in weight by 10-14 g. 
after operation, 72 p.c. of the month-old Conn. Lab. rats showed an 
average increase of 16 g., the peak of weight increase generally being 
attained by the tenth day. The markedly longer period of survival of 
Conn. Lab. rats is paralleled by their outstanding physical qualities. 
This strain regularly shows a steeper growth curve, greater weight at a 
comparable age, greater spontaneous activity, and better coats of hair 
than the other Wistar strains reported on in this section. 

That these qualities have a genetic basis is suggested by the fact that 
great care is exercised in the selection of Conn. Lab, rats for breeding 
while such is not the case, we know, with the C. rats at least. Nutritional 
deficiencies are definitely not the cause of the inferiority of the C. rat, 
for in a study of several litters of these rats raised in the laboratory d under 
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optimal condition, the standard of rat varied markedly from litter to 
litter and even the best did not equal the more homogeneous Conn. Lab. 
strain in the characteristics enumerated. The bearing that this inherent 
difference in the strains has on the results of adrenalectomy is apparent 
from the following considerations. 

The average length of survival after adrenalectomy of rats belonging 
to any one strain has been shown to increase with the age and weight of 
the animals. But from the information already given, it is seen that rats 
of different strains operated on at similar ages and weights do not survive 
similar lengths of time, In the 40-60 g. group, the Conn. Lab. rats were, 
moreover, 4~7 days younger than the C. or P. rats at the time of operation, 
yet they survived much longer. This indicates that the age and weight at 
which rats are adrenalectomized are not as influential in determining the 
duration of life after the operation as some other factors, Our observations 
indicate that the factor concerned here is an inherent character of the 
strain, allied with other physical qualities, and commensurate, to some 
extent at least, with the magnitude of the weight/age ratio. This is seen 
from a comparison of the average weights of these strains at 30 days 
of age with their survival periods following operation when from 40 to 
60 g. in weight. 

wi W. 
eight Weight/age Survival period 


(days) 
P. rats, 13 males 44 125 5-3 
C. rats, 22 males 47 1-57 8-6 
Conn. Lab. rats, 24 males 61 2-03 10-9 


Pant IIIs, Drerary Factors AFFECTING SURVIVAL 
OF ADRENALECTOMIZED RATS. 


The study of the dietary factors prolonging life and growth K animals 
after adrenalectomy, ‘broken off in Aberdeen, was resumed when these 
control series provided an adequate standard el which to compare the 
results of future investigations. 

Milk did not seem to influence the leita of survival of young 
adrenalectomized rats on a Purina diet. In an experiment on 17 month-old 
rats having access to milk at all times before and after operation, five 
belonging to the C. strain survived an average of 7-9 days (range 
7-12 days), while the other twelve belonging to the P. strain re 
an average of 4-75 days (range 2-7-5 days). 

Bread added liberally: to the diet of Purina resulted in the same 
striking prolongation of life of young rats after adrenalectomy, as was 
observed in the Aberdeen experiments in which milk, bread, and cabbage 
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was given as a supplement to the basic diet of meal cake. This is well 
shown in an experiment in which eight C. rats weighing 45-55 g. were 
operated on at 32 days of age. Although one died on the fourteenth and 
another on the sixteenth day after operation, the remaining six lived 
until after the bread was withheld from the diet on the twenty-third 
day. Even more striking extension of life was observed in seven adults 
fed for 45 days. 

Swan [1935a], who has n studying the effect of dist on the life 
span of adrenalectomized rats, informs us [19356] that he also has 
obtained a similar prolongation by the feeding of bread. 

Analysis of the bread used by us showed it to contain 4 p.c. sodium 
chloride or, by dry weight, 8 p.c. At first sight this appeared to be 
sufficient cause for the prolongation of life, but the explanation suggested 
in the last paragraph of Part II for the similar result obtained with 
Glaxo rats remained an alternative possibility. That some factor other 
than salt was operative in lengthening life in the bread-fed rats is 
strongly suggested by experiments carried out some months previously 
in which the amount of salt in the diet was increased by substituting 
salt solution for the drinking water. Only a small extension of average 
survival period resulted, as detailed below. 

The sodium chloride intake of the rats was raised by the substitution 
either of normal saline or the Rubin and Krick [1933] salt mixture 
(0-7 p.c, NaCl, 0-035 p.c. KCl, 0-033 p.c. CaCl,, and 0-015 MgCl) for the 
drinking water after operation. The results with these solutions were so 
similar that they will be considered together. Of 20 month-old males of 
the C. strain so treated, four, or 20 p. o., died between 2 and 6 days, 35 p. o. 
. between 7 and 11 days, 25 p.c. between 12 and 17 days, and 20 p.c. were 
still alive and gaining weight at 30 days. Of fourteen females one, or 
7 p. o., died on the second day, one on the eleventh day, and 50 p. c. 
between the twelfth and twentieth days. Of the five remaining three, 
or 21 p.c., were still surviving on the thirtieth day. This tendency to 
longer survival of the female salt-treated rats is the same as that seen 
in the 60-100 g. control group of Table II, where these results may be 
compared. The life-prolonging effect of salt is only observed under 
optimal conditions. This was demonstrated by the failure of saline — 
drinking fluid to extend the life of 22 month-old rats operated upon at the 
beginning of a week of hot weather when the temperature rose to 90° F. 

Bread containing 1 p.c. sodium chloride was specially obtained for use 
in experiments designed to test whether the high sodium chloride content 
of ordinary paket bread accounted for the result cited above and similar 
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effects obtained in Aberdeen. The same brand of bread was used through- 
out all experiments reported in this part of the paper. The amount of 
salt was arranged to be 1 p.c. by dry weight, since that quantity was the 
amount contained in Purina. Analysis of each batch of this bread showed 
the sodium chloride to be 1 p.c., as stated. Details of the experiment 
with this material are as follows: 

Ten male C. rats, 47-54 g. in weight, were adrenalectomized at 31 days 
of age, and bread given liberally twice a day in addition to the Purina. 
The survival period of this series averaged 18 days, which is less than 
that of the rats receiving bread containing 8 p.c. sodium chloride, but 
much more than the control series survival of 8-3 days. The salt then 
appears to be but one of two or more factors contributing to prolongation 
of life of rats after adrenalectomy. It is worthy of note that no impair- 
ment of the appetite of the rats receiving 1 p.c. sodium chloride bread 
was observed, as is so often the case in animals with Purina as their only 
source of food. Further, rats with access to both bread and Purina ate 
the bread almost to the total exclusion of the Purina, and continued to 
do so up to within a short time of death, which occurred after but a brief 
and small decline in weight. Quantitative data on the absolute amount 
of Purina or bread eaten are lacking, and more complete studies of the 
food consumption of rats after adrenalectomy such as recently reported 
by Simpson, Dennison and Korenchevsky [1934] have yet to be 
made. Nevertheless, we feel that the present observations are sufficiently 
definite to justify the acceptance of the hypothesis outlined in Part II 
as at least a partial explanation of the variations in the life span of the 
adrenalectomized rat, particularly since we have observed that Purina, 
like meal cake, remains longer in the stomachs of normal rats than does 
bread. These experiments are summarized in Table IV. 


Taste IV. Effect of ingestion of salt and of bread on the duration of survival of C. rats 
after adrenalectomy. Weight at time of operation 40-60 g. 


Duration of 
3 survival Percentage distribution of survivals 

11 Range 3-11 12-20 21-29 
Group“ No. (days) (days) days days days Extended 
Control Series II 34 83 3-14 82-3 14-7 0 2-9 
Saline per os 34 229 38-2 35˙3 5-9 20-6} 
Bread, 8 p.c. NaCl 8 23-08 14-29 0. 25-0 150 0 
Bread, 1 p. o. NaCl 10 138.0 9-29 20-0 40-0 4000 0 
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The fact that bread is so largely composed of carbohydrate made us 
suspect that the efficacy of this food might be attributable, at least in 
part, to that constituent, particularly since Britton and Silvette [1934] 
have presented convincing evidence of the great depletion of carbohydrate 
stores in animals suffering from adrenal insufficiency. In order to test 
this point, we added liberal amounts of cane sugar to the Purina diet 
of ten rats, and substituted a solution of glucose of 3/4 molar concentra- 
tion for the drinking water of ten more. All twenty were adrenalectomized 
at 32 days of age. The first group ate very little of the sugar and survived 

an average of 7-9 days. The second group ingested an average of 1-75 g. 
glucose daily, but averaged only 9 days’ survival after adrenalectomy. 
The ingestion of carbohydrate was probably insufficient in these experi- 
ments to decide the question, but an experiment to be described, in 
which salt-free bread was fed, confirms the impression derived from this 
work that carbohydrate alone does not sustain life. 

The efficacy of 1 p.c. sodium chloride bread in prolonging the life of 
adrenalectomized rats would not appear to rest solely on the salt content 
since this is the same as Purina. But, since the experimental animals 
consume more of this food than do those with access to Purina only, a 
greater ingestion of sodium chloride is a result, and the importance of 
this is seen from experiments in which bread containing less than 1 p. c. 
salt was fed to rats after adrenalectomy. The results of these experiments, 
in which Conn. Lab. rats were used, are summarized in Table V, and 
indicate that when the sodium chloride content is appreciably less than 
1 p. o. the power of bread to prolong the survival period is markedly 


Tau V. Effect of ingestion of salt-free bread and bread containing different amounts of 
sodium chloride on the survival of Conn. Lab. ee Weight at 


Group“ No. (days) (days) days days days F 
Controls 20 109 5-4 100 300 500 10-0 
Bread, salt-freet 7 8&7 6-21 143 871 143 (14-3 p.c. on 
Bread, 0-4pc.NaCl 12 U8 10-13 0 333 46666. ö 0 


Bread, 10 Nad 10 197 1427 0 o 800 


- 

4 
Duration of | 
55 survival Percentage distribution of survivals 4 
* Grouped according to diet: controls, Purina only; other groups received as well 4 
— 2 * 
salt-free bread or bread containing amount of salt indicated. a 
Four of these females. All other rate in this table males. 3 
Not considered “extended” survivals since weight gain negligible in last 5 days. 4 
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reduced. The relative importance of the amount of salt ingested and the 
type of food cannot be decided on the basis of the existing data. 

A further fact of interest, not apparent from Table V, is the failure 
of the rats receiving 1 p. o. sodium chloride bread, to gain as much weight 
as the controls, even though they lived almost twice as long. Mention 
has been made of the fact that adrenalectomized rats having an abundance 

of bread available eat only this and not the Purina. The inadequacy of 
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Fig. 3. Effect of adding bread, containing 1 p.c. sodium chloride, to the diet of adrenal- 
ectomized, adult Conn. Lab. rats, Each solid column represents percentage of deaths 
of 31 controls on the days indicated; diet, Purina. Each hatched column represents 
percentage of deaths on the days indicated of ten rats receiving bread of 1 p. o. sodium 

chloride content as well as Purina. Calculation of deaths in 2-day periods. 


bread as the sole constituent of a diet is the obvious explanatioz 
lack of weight gain. The addition of milk might be beneficial, 
alone it has no alleviating effect on the length of life after adrenalectomy. 

Finally, attention should be directed to Fig. 3 in which it will be 
seen that addition of 1 p.c. sodium chloride bread to the diet of adrenal- 
ectomized adults is even more efficacious than in the case of young rats. 


the 


PAR IV. THE RAT AS A TEST OBJECT FOR ADRENAL CORTICAL EXTRACTS. 


The criterion suggested by Grollman and Firor [1933] for judging 
the potency of extracts of adrenal cortex with the adrenalectomized rat 
was the restoration of the normal growth curve during the period of 
injection week. Since the survival period of their month-old rats was 
but a day or two, the prolongation of life was further evidence of activity. 
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When we began using this test in 1933, the survival period of our control 
rats was 5-2 days, and these rarely showed weight increase after operation. 
A number of extracts were tested by this method, and we believe a useful 
indication of their potency established by the prolongation of life and 
increased weight gain, though this was admittedly less than normal. 
The second control series run in 1934-5 on the C. rats revealed a much 
longer survival period and a high incidence of weight gains of 10 g. in 
the week after adrenalectomy. Hence the test as previously used became 
less reliable. On account of still greater weight gain and duration of 
survival the young adrenalectomized Conn. Lab. rats were even less 
adapted to this method of testing the potency of cortical extracts, though 
the greater consistency in their survival periods and weight changes after 
operation seemed to favour their use for biological work. This apparent 
advantage was entirely offset by the fact that, following injections of 
extract for a week, so many survived indefinitely that it was not possible 
to form an accurate estimate of the potency of the extract, since the 
growth of accessory cortical tissue probably brought about the result. 
These facts are brought out in Table VI, where data on both C. and 
Tam VI. Effect of injection of adrenal cortical extract twice daily for 7 days on 
the weight and duration of survival of young adrenalectomized rats. 
Total smount Weight 
Conn. Lab. rats: 


1 0-1 48 * il 
— 1 0-1 54 23 Indef.t 
ae 0-1 51 18 14 
4 Ol 49 18 18 
5 0-1 49 18 13 
6 0-1 48 16 11 
7 0-1 45 14 15 
8 0:2 49 16 16 
9 0-2 49 28 Indef. 
10 0-2 52 29 Indef. 
11 0˙2 42 * 28 
12 0˙5 48 16 15 
13 0-5 52 25 15 
14 0-5 45 24 30 
ees 0-5 43 21 18 
C. rate: 
1 05 81 18 13 
2 0˙5 50 8 10 
3 0-5 1 ~ 11 
4 0-5 564 10 11 
5 0˙5 409 


* Potency 3 to 4 dog units 0.0. as estimated by method of Harrop, Pfiffner, 
Weinstein and Swingle (108). | 
7 Indefinite: killed while gaining weight after 30 days. 
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Conn. Lab. rats are presented for comparison. The extract used was 
kindly prepared for us by Dr E. W. McHenry of the ee of 
Physiological Hygiene. 

It is doubtful whether prolongation of the period of injection of 
extracts to 3 or 4 weeks and the use of a larger series of rats would result 
in much more information. Such a procedure would seriously minimize 
the value of the test, as it would render it just as expensive as, and 
more tedious than the dog method. In our hands at least, then, and 
under the conditions described, the rat is mee a suitable test N for 
adrenal cortical extracts. | 


DISCUSSION. 


The duration of survival of rats after adrenalectomy is dependent 
on a number of conditions. Many of these, such as the importance of 
operations without hemorrhage, removal of the gland without breaking, 
reduction of the period of ether antesthesia to a minimum, and the 
avoidance of extremes of temperature, are fairly widely recognized. The 
danger of these factors W influencing the results is, therefore, 
small. 


gland is advocated by some workers as a means of removing accessory 
cortical tissue which, when left, is said to account for prolonged survival 
after adrenalectomy. Gaunt [1933] reports experiments which weigh 
heavily against the necessity of this more extensive procedure, but, in 
the work of Schultzer [1935], decapsulation of the upper third of the 
kidney was accompanied by an increase in the mortality from 86 to 
100 p.c. 

Thus, it might be claimed that strain differences, alleged by us, were 
due to variations in operative efficiency. However, the consistently 
longer survival of Conn. Lab. rats, adrenalectomized over the same 
period of time by the same operator and with the same technique as in 
the case of C. and P. rats, can scarcely be explained thus. It should be 
pointed out again, that in over 100 male C. rats of all ages 100 p.c. 
mortality was obtained within 3 weeks, while of fifty-one Conn. Lab. 
males operated upon prolonged survivals occurred in eight cases, in seven 
of which cortical tissue was proven. Under the conditions stated, this 
cannot be due to chance variations in operative thoroughness. 

Schultzer applies the criticism of incomplete adrenalectomy to the 
work of Gaunt and Gaunt [1934], who found adrenalectomized rats, 
ordinarily having a 95 p.c. mortality, to show a 50 p.c. survival after a 


Excision of considerable peri-adrenal tissue along with the unbroken 
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period of post-operative treatment with cortical extract. Schultzer, 
it is true, found the same 100 p.c. mortality in his work after a period 
of cortical therapy as without this treatment, and believes this is so 
because in both cases, in view of his technique, he removed all cortical 
But serious exception may be taken to Schultzer’s conclusions. 
The weight curve of a treated rat, published by him, is admittedly less 
than normal, the weight gain in 21 days being 13 g. Normal rats show 
gains of 60-80 g. in that time. Obviously, Schultzer’s rats were not 
receiving sufficient cortical hormone and were, therefore, in poor con- 
dition. Further, he used young rats which, as is well known, are less 
likely to survive indefinitely than adults as used by Gaunt and Gaunt. 
Finally, the accessory cortical tissue found by the Gaunts was invariably 
located near the junction of the left renal and adrenal veins, the most 
common site in our experience also. Even Schultzer’s operation would 
hardly denude this site of accessory bearing tissue. 

While we have not, as yet, repeated this procedure of Schultzer, 
our results indicate that the major factors influencing survival of the rat 
after adrenalectomy are other than the type of operation used and we 
propose to discuss these factors. 

(1) Strain. Our results confirm the finding, first reported by Gaunt 
[1932], that certain strains of rats survive adrenalectomy longer than 
others. The Conn. Lab. rats which showed the most prolonged period of 
survival excelled the other strains in degree of spontaneous activity, 
size at the same age, rate of growth, and luxuriousness of hair. In the 
light of present knowledge of the function of the pituitary gland, it is 
reasonable to ascribe the greater size and growth rate of the Conn. Lab. 
tats to greater pituitary activity. Reasons for considering this to be an 
inherited characteristic are advanced in Part IIIA. The work of Snow 
and Whitehead [1935], which indicates that hair growth in the albino 
rat is dependent on pituitary function, is additional evidence in favour 
of the greater pituitary activity of Conn. Lab. rats. 

The reason for the greater average survival in faster growing strains 
may be the generally higher standard of nutrition of the animal, ¢.g. glyco- 
gen stores, but the growth of accessory cortical tissue must be invoked 
to account for the more extended survivals after adrenalectomy. Work 
such as that of Jaffe [1926] indicates that microscopic cortical accessories 
are frequently to be found on serial section in the retroperitoneal region 
of the rat. While there may be a correlation between the amount of 
accessory cortical tissue occurring in different strains of rats and the 
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length of survival, this is not as yet established. Our work, however, 


indicates that average duration of survival and frequency of prolonged 
survivals increases with the weight/age ratio which is, presumably, a 
pituitary function. 

We wish to present briefly a hypothesis whick we believe explains 
prolonged survivals. We suggest that in strains with high pituitary 
activity indefinite survivals occur in virtue of regeneration of cortical 
tissue under the stimulus of anterior pituitary secretion. This tissue may 
come not necessarily from preformed cortical tissue but from some more 
primitive structure, e.g. coelomic epithelium, which, in the absence of 
the adrenals, responds to the pituitary stimulus much as ovarian tissue 
regenerates in the mouse after complete ovariectomy [Parkes, Fielding 
and Brambell, 1927], or in the rat [Hanson and Heys, 1927]. Any 
influence which prolongs the life of the rat in good condition increases 
the opportunity and time for such regeneration. 

(2) Sodium chloride. The response of adrenalectomized rats to 
increased salt intake depends on two factors: age and vigour of the 
strain. The influence of age is evident from the work of Gaunt, Tobin 
and Gaunt [1935], who found that 43-9 p. c. of rats operated at 30 days 
of age died during a 30-day period of salt treatment, and only 7-3 p.c. 
survived indefinitely. Adult rats similarly treated showed a 21:7 p. c. 
mortality by the thirtieth day, and 52-2 p. c. indefinite survivals. 

The influence of strain is shown by a comparison of our experiments 
in salt feeding with the above. At 30 days of age the C. rats used by us 
had an average weight of 47 g., which compares unfavourably with the 
57-6 g. average for the same age of rat used by Gaunt, Tobin and 
Gaunt. Our high mortality of 80 p. o., which occurred during the month’s 
treatment with salt, is in keeping with the low weight/age ratio of the 
C. rats. 

(3) Diet. In the literature on adrenalectomy of the rat, mention of 
the diet used is frequently omitted from the description of experiments. 
However, in the important studies of Jaffe [1926] and of Lewis [1923] 
this information is given, the diet of the rats being bread and milk. Both 
these workers found that a large proportion of the adrenalectomized 
rats lived more than 30 days after operation. The influence of bread on 
the survival of rats reported by us is alone sufficient to explain the 
prolonged survivals observed by these workers, and it is not necessary 
to postulate incomplete adrenalectomy to explain such results. The 
factor of strain superiority must also be held in mind as possibly playing 
a part in such long survivals, 
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of Lewis’ results this has been shown to be important by recent work 
of Gaunt, Gaunt and Tobin [1935]. These workers operated on a series 
of rats of the Lewis strain and found a mortality of only 35 p. o., com- 
pared with a 95 p.c. mortality for controls. The still lower mortality of 
less than 10 p.c. for four strains of rats, recently reported by Agate 
and Zwemer [1935], we suggest as probably due to the inclusion of 
bread in the table scraps fed to their animals. 

The effect of bread in the diet of the adrenalectomized rat is not 
solely due to the sodium chloride content, for rats fed on special bread 
of the same salt content as Purina—1 p.c.—show extraordinary pro- 
longation of life. At the same time, it is apparent from the experiments 
cited in Table V that a certain minimal amount of sodium chloride must 
be ingested before the bread becomes effective. Why the adrenalectomized 
rats eat bread in preference to the Purina we do not know. At least it 
may be said that this low residue food does not i impair the appetite as 
does the bulky Purina. The result is the ingestion of salt and calorie- 
supplying carbohydrate. Donhoffer and Macleod [1932], Long and 
Lukens [1935] and Evans [1935] have presented evidence which 
indicates that gluconeogenesis is inhibited after adrenalectomy. This may 
explain why carbohydrate, which can be sisted utilized, is beneficial 
under these circumstances. 


SUMMARY. 


1. The duration of survival after adrenalectomy of more than 500 rats 
has been studied and the effect of age, strain, diet and injections of 
adrenal cortical extract observed. 

2. The mortality of five strains, when fed on a standard diet composed 
largely of grain, varied from 84 to 100 p.c., death generally occurring 
within 3 weeks of operation. The average survival increased roughly 
with the age at which the rats were operated. 

3. A study of three strains under strictly comparable conditions 
showed that the duration of survival and the incidence of exceptionally 
long survival after adrenalectomy varied directly as the weight/age 
ratios of the different strains. The average survival of approximately 
month-old rats of these strains was 5-3, 8-6 and 10-9 days; of adult males 
ol the two latter strains, 9-8 and 17-9 days. Females of the second strain 
only were operated on in any number and showed a tendency to longer 
survival than the males of the same strain. It is suggested that the 
difference in survival of different strains may be due to an inherited 
difference in pituitary activity. 
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4. The addition of bread to the diet markedly prolonged the life of 
the adrenalectomized rat, and this occurred even when the sodium 
chloride content of the bread was reduced to that of the grain diet, 
viz. 1 p.c. Further reduction was accompanied by a shortening of the 
post-adrenalectomy life period. Though the addition of sodium chloride 
solution to the standard diet lengthened the life period, reasons are 
advanced for carbohydrate as well as salt being an effective agent in the 
life-prolonging influence of bread. 

5. The month-old rat was found to be unsuitable for testing the 
potency of adrenal cortical extract in that one strain showed a variable 
response and another a high incidence of indefinite survivals following 
treatment. 

6. The factors influencing the mene of the rat after adrenalectomy 
are discussed. For the longer average survival and more frequent 
occurrence of accessory tissue in some strains an explanation is offered 
and a hypothesis advanced. 


We wish to record our deep appreciation of the encouragement and helpful suggestions 
extended us by the late Prof. J. J. R. Macleod, F. R. S. To Prof. Duncan Graham we 
are indebted for his helpful criticism and constant interest. Our thanks are also due to 
Dr J. M. Peterson for much valuable criticism. Messrs W. Cowan and A. Taylor have 
given us liberal technical assistance for which we are grateful. Part of the expenses of 
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THE EFFECT OF PREGNANCY AND PSEUDO- 
PREGNANCY UPON THE BLOOD 
LIPOIDS OF RABBITS. 
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Tux investigation of fat metabolism during pregnancy has been 1 
largely through a study of blood lipoids, Interpretation of results so ob- 
tained has been rendered difficult by the finding that in certain species of 
animals the concentration of blood lipoids increases, in others it decreases 
and in a few there may be no change. In man [Boy d, 1934], guinea-pigs 
[Metzger, 1931], mares [Brocq-Rousseau et al., 1933] and fowl 
[Lawrence and Riddle, 1916; Parhon and Parhon, 1923], gestation 
is accompanied by a lipemia which is most marked in the later stages. In 
the cow [Shope and Gowen, 1928] and the rabbit [Baumann and 
Holly, 1925-6] a lipopenia develops during pregnancy [Boyd, 1935a]. 
Gravid rats [Kaufmann and Erdmann, 1932] and dogs [Baumann 
and Holly, 1925-6] apparently do not show any change, although blood 
fat was found to be increased by an earlier investigator (Capaldi, 1904] 
in pregnant bitches. Why there should be this variation between species 
is not at present known. In view of inherent differences in lipoid meta- 
bolism from one species of animal to another, the findings might be 
expected. To attribute to these inherent differences the differences 
during pregnancy is merely to beg the point. 


Many theories have been proposed to explain why there should 3 an 


alteration in the percentage of blood lipoids during pregnancy. Boyd 
[1934] has summarized these hypotheses and noted that there is little 
experimental evidence to substantiate any of them. The metabolism of 
the female may be affected during pregnancy by one of two factors or by 
both. The first of these is the presence of the corpus luteum gestationis. 


5 This work was aided in part by a grant from the Alice F. Richardson Research Fund. 
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The direct and indirect effects of this factor may be conveniently studied 
in pseudopregnant animals. The second factor is the presence in the 
uterus of products of conception and the effects due directly or indirectly 
to them. During pregnancy both of these factors may influence the per- 
centage of lipoids in the blood. By comparing the changes in pregnant 
animals with those in pseudopregnant animals it should be possible thus 
to get an idea of the relative influence of each of these factors. The 
rabbit was chosen for this purpose. 


Mernop. 


Young virgin female rabbits were mated with healthy buck rabbits to 
produce normal pregnancy and with castrated buck rabbits to produce 
pseudopregnancy. The success of the mating was checked by inspection 
of the uterine horns and ovaries. In both cases there developed large, 
firm, yellowish corpora lutea. In a few cases the mating was unsuccessful 
and such animals were discarded. The duration of pregnancy or pseudo- 
pregnancy was calculated from the day of mating. In the gravid animals 
this date was checked by estimating the weights of the foetuses. The 
results from thirty-one animals in all are reported here, eleven pregnant, 
ten pseudopregnant and ten control. 

Blood was taken for analysis at different periods from the first week to 
term. After the animals had fasted for 24 hours, 15-20 c.c. were taken 
from the central artery of the ear. The abdomen was opened, the pelvic — 
organs inspected, several removed for related studies, and the animal then 
discarded. Part of the sample of blood was citrated and used for the 
estimation of the lipoid content of whole blood and of the red blood cells. 
The remainder was allowed to clot and the serum analysed. The lipoid 
composition was determined by Bloor’s oxidative micromethods as 
modified by Boyd [1931, 1933, 19350). 


REsvULTs. 


The changes found occurred in serum and not in the red blood cells 
which maintained approximately normal lipoid values during pregnancy 
and pseudopregnancy. Hence the changes in whole blood were much less 
extensive than those in serum and it would be superfluous to report them 
further. 

In ten control series which consisted of five female and five male, sex 
made no difference in the results. The mean value of each lipoid was 
calculated and the standard deviation of the mean found from a formula 
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quoted in previous communications [Boyd, 1933]. The means and 
e deviations for each lipoid in mg. pier c.c, were: 


*.  21640-23 
4630-55 


mg. phospholipin/ 100 c. o. serum 


Controls 20 30 
non-pregnant Pregnant—days 
Fig. 1, Variations in the phospholipin content of serum during pregnancy and 
pseudopregnancy of rabbits. 


Rabbit serum contains about one-half as much lipoid as human serum. 
The concentration of ester cholesterol is about the same as that of free 
cholesterol, while in man the former averages twice the latter. In pro- 
portion to the other lipoids, there is relatively more neutral fat in rabbit 
serum than in human serum. The ratios of phospholipin to total cholesterol 
(P/TC) and to free cholesterol (P/FC) are seen to be relatively constant. 
Changes during pregnancy and pseudopregnancy have been shown in 
Figs. 1-4. The mean of the control series has been taken as a starting 
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point, but in order to show more clearly the variation in the non- 
pregnant animals, control values have also been plotted in the left- 
hand partition of each figure. Data only for the essential lipoids are 
reported. 

Phospholipin. Variations in serum phospholipin are shown in Fig. 1. 
During pregnancy the concentration decreases, the majority of the values 
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mg. free cholesterol / 100 c.c. serum 
S 
10 
0 
o 


— 
207 
107 
0 
Controls 10 20 0 
non-pregnant Pregnant—days. 
Fig. 2. Variations in the free cholesterol content of serum during pregnancy and 
pseudopregnancy of rabbits. 


being found below the lowest value of the control series. The decrease is 
visible early in the second week of gestation and reaches a minimum level 
early in the third week, from when most of the values are below 50 mg. 

During pseudopregnancy, serum phospholipin also decreases in value. 
The decrease is not as marked as in normal pregnancy. Pseudopregnancy 
may be said to correspond to the first half of normal pregnancy, and here 
the changes are seen to be almost identical. This suggests that the de- 
creasing percentages of serum phospholipin in the first half of gestation 
may be due to the effect of the persistent corpus luteum, irrespective of 
the products of conception. The latter factor must either be negligible or 
have an effect similar to that of the persistent corpus luteum. 
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Free cholesterol. The concentration of free cholesterol in the serum has, 
in these experiments, been less susceptible to change than that of any 
other lipoid. It did not alter in value until the latter half of pregnancy 
(Fig. 2). During the first half none of the values were below the range of 
the control series. Toward the end of pregnancy some very low 2 8 885 
from 8 to 10 mg. per 100 0. C., were found. 


BE 3. Variations in the ester cholesterol content of serum during pregnancy and 
pseudopregnancy of rabbits. 


In the . animals, as during the first half of gestation, 
few of the values were below the range of the controls, but since in general 
they were lower than the mean, the trend curve has been drawn as 
slightly falling. But the evidence obtained in these experiments does not 
point to the persistence of the corpus luteum as determining the amount 
of free cholesterol in the serum of the rabbit in pregnancy indicated 
above. 

Ester cholesterol. The concentration of ester cholesterol exhibited a 
variation which was not encountered with any other lipoid, an augmenta- 
tion during the first half of gestation (Fig. 3). Whereas the other lipoids 
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were decreased or unchanged in value at this time it increased. In the 
control series it ranged from about 20 to 30 mg./100 c.c., with one high 
value of 54 mg. The majority of values in the first half of gestation were 
entirely above the normal range apart from the one aberrant high figure 
among the controls. During the second half of gestation a lipopenic 
change, typical also of the other lipoids, occurred in the case of ester 
cholesterol, Maynard and his associates have in recent years postulated 
that all of the blood lipoids tend to vary in the same direction when 
variation occurs. While this is true of many conditions, it is apparently 
not without exception. Ester cholesterol in the present instance behaved 
differently from other lipoids, and in certain other work now in progress 
this difference is also being found. 

Pseudopregnancy was accompanied by a definite decrease in the con- 
centration of ester cholesterol. Most of the values were below the lowest 
value of the controls. This suggests that the factor governing the concen- 
tration of the ester cholesterol is not the same in the first half of pregnancy 
as in pseudopregnancy. The persistent corpus luteum evidently tends to 
produce a decrease in value, while the products of conception tend to 
increase the percentage and the latter factor evidently predominates in 
the first half of pregnancy. Both of these factors may act through many 
channels, and the immediate cause of the changes described in this and 
other lipoids remains to be discovered. 

Neutral fat. There were no marked changes in the concentration of 
neutral fat during pregnancy (Fig. 4). It varied considerably in the con- 
trols, and few values during pregnancy were sufficiently high or low to be 
outside this normal variation. Up to the middle of pregnancy, certainly 
no significant change occurred. In the latter half the values were all lower 
than the average of the controls, but there were only three observations in 
this period. Since the chief interest of this investigation lay in comparing 
the first half of gestation with pseudopregnancy, fewer analyses were per- 
formed in the second half which, moreover, has been studied before 
[Baumann and Holly, 1925-6]. 

Pseudopregnancy caused a definite fall in the concentration of the 
neutral fat. Most values were below the lowest value of the controls. This 
again is evidence of a difference in behaviour between pseudopregnancy 
and the first half of normal pregnancy. The effect of the persistent corpus 
luteum is evidently to lower the percentage of neutral fat in the serum, 
while the products of conception appear to raise it. In the first half of 
gestation these opposing factors seem to neutralize each other with the 


result that no regular change occurs. 
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In these conclusions it has been assumed, in the light of present know- 
ledge, that pseudopregnancy is a condition maintained by persistence of 
the corpus luteum. The changes found are due to the pseudopregnant 
state whether or not referable entirely to the effects of the persistent 
corpus luteum; in pregnancy there are superadded the effects of the 
products of conception. But on the above assumption the luteal factor 
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Fig. 4. Variations in the neutral fat content of serum during pregnancy and 
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may be said to produce a decrease in value of all serum lipoids. The pro- 
ducts of conception act somewhat differently by producing an increase in 
the ester cholesterol and neutral fat and either no change or a decrease in 
the phospholipin and free cholesterol. This applies only to the first half of 
gestation and leaves the explanation of the lipopenia of the second half 
to be further investigated. 
The red blood cells. cas | 
The erythrocytes of rabbits were found to contain on the average about 


350 mg. per 100 c.c. of phospholipin, 150 mg. per 100 C. o. of free chol- 
esterol, and traces of ester cholesterol and neutral fat. These values are 
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approximately the same as those for human red blood cells Boyd, 1934]. 
The erythrocytes of rabbits and man contain about the same concentra- 
tions of lipoids, but the lipoids of plasma or serum differ considerably. 
There was no evidence of any significant change in the lipoid content of 


the red blood cells during pregnancy or pseudopregnancy, and hence the 
results need not be reported in further detail. 


SumMaRY.. 


The lipoid composition of serum, whole blood and the red blood cells 
was determined by oxidative micromethods in eleven pregnant rabbits, 
ten pseudopregnant rabbits and ten non-pregnant rabbits. 

Pseudopregnancy was accompanied by a diminution in the serum of 
all lipoids. In the serum of the corresponding period, the first half, of 
normal pregnancy (eight rabbits), phospholipin and to a slight extent 
free cholesterol were decreased, neutral fat unchanged and ester chol- 
esterol increased. From this it was concluded that serum lipoids are 
influenced by two factors in the first half of gestation, the persistent 
corpus luteum and the products of conception. 

In the second half of pregnancy (three rabbits) all serum lipoids were 
consistently decreased, but no evidence as to the cause of this was obtained. 
Neither in pseudopregnancy nor in pregnancy was there a significant 
change in the lipoid content of the red blood cells; this was similar to that 
in man. : 

The author wishes to thank Dr A. W. Makepeace for providing several of the samples 
of blood analysed. This work was begun while the author was associated with the Depart- 
ment of Obstetrics and Gynecology, the University of Rochester School of Medicine and 
Dentistry, Rochester, N.Y. 
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POTASSIUM CHANGES IN THE STIMULATED 
SUPERIOR CERVICAL GANGLION. 


By MARTHE VOGT. | 
(From the National Institute for Medical Research, 
Hampstead, London, N.W. 3.) 


(Received October 23, 1935.) 


THE important role attributed on theoretical grounds to potassium, in the 
propagation of impulses in the nerve fibre, found direct experimental 
support when Cowan [1934] was able to demonstrate a leakage of potas- 
sium ions into the surrounding fluid from stimulated nerves of the crab. 
Feldberg and Vartiainen [1934] and Brown and Feldberg [1935] 
have recently drawn attention to the stimulating effects of potassium 
chloride on the perfused superior cervical ganglion of cats. Detection of 
changes in the potassium concentration of the perfusate of such a ganglion 
during electrical stimulation would have been of considerable interest, in 
connection with these experiments; but the small amount of potassium 
present in the cat’s ganglion would have rendered impracticable the exact 
estimation of such a change if it occurred. The dog has a superior cervical 
ganglion large enough to contain a sufficient quantity of potassium for 
estimation, but the anatomical position of the dog’s ganglion renders the 
isolation of its blood supply for perfusion impossible. Accordingly the 
experiments were confined to the estimation of the difference in the 
potassium content of whole ganglia, without and after stimulation. 


MErTHoDs. 


Dogs were anesthetized with ether. The vago-sympathetic trunk and 
the superior cervical ganglia were exposed on both sides so that removal 
for analysis could be achieved very quickly. The vagus and sympathetic 
nerves were dissected apart close to the ganglia and the vagus there 
severed. The sympathetic was traced caudally and divided in the middle 
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of the neck. The peripheral end on one side was stimulated with fairly 
strong currents for 10-35 min. Silver electrodes were used and break 
shocks from an induction coil at a frequency of about 14 per sec. The 
effects on the nictitating membrane and the pupil were used as a control 
of the efficacy of the stimulus. At the end of the stimulation the ganglion 
on the stimulated side was excised as quickly as possible, and that on the 
other side immediately afterwards. The ganglia, if stained with blood, 
were rapidly rinsed in distilled water and blotted on filter paper. The 
sheaths were dissected off, the ganglia weighed and then carefully in- 
cinerated at a fairly low temperature. The small size of the ganglia 
rendered the addition of concentrated acids unnecessary. After dissolving 
the ash in dilute acetic acid the potassium was estimated by the method 
of Jacobs and Hoffmann [1931], the error of which is about +4 p.c. 
It was, however, found desirable to allow the samples to stand overnight 
for the formation of the precipitate, and not only 45 min. as the authors 
suggested. 

In a series of control experiments the potassium content of both cer- 
vical ganglia was compared without any previous stimulation. In two 
other control experiments the ganglion itself was stimulated after bi- 
lateral section of the preganglionic trunks 3 weeks previously; the plati- 
num electrodes used for this purpose were a hook passed round the 
peripheral end of the degenerated preganglionic nerve, and a needle 
pushed into the cranial end of the ganglion. The strength and frequency 
of the current were the same as before. 


REsuuts. 


The results are given in Tables I-III, the potessium being calculated 
for weight of fresh tissue. 

Table I shows that without any stimulation, differences in the potas- 
sium concentration of both ganglia do not exceed 11 p.c. (in seven experi- 
ments) and that the mean difference is 4 p.c. 

Table II, however, recording the experiments with stimulation of 
preganglionic fibres, shows the occurrence of a regular loss of potassium 
on the stimulated side. This difference is most evident in the experiments 
with long stimulation periods and a strong peripheral effect; less, and 
within the limits of experimental error, for short duration of stimulation 
(Exp. 1) or in instances in which a weak peripheral effect showed that, for 
some reason, the stimuli were not effectively passing the ganglion (Exps. 
2 and 9). A possibility that the fall in potassium concentration might be 
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No. ganglion p. O. of centage of the 
of 
exp. weight concentration 
1 0-211 0-0 
0-211 
2 0-202 11-0 
0-227 
3 0-175 8-8 
0-192 
4 0-223 13 
0-226 
5 0-233 
0-231 
6 0-185 6-6 
0-198 
7 0-242 0-0 
0-242 
Average 0-214 4-1 
Tam II. Stimulation of preganglionic fibres. 
Decrease of K-con- 
centration in the 
— 
| as per- 
Period of centage of concen- 
No.of stimulation tration on 
exp. (min.) normal side) 
1 10 Strong 8 
B45 [15 Weak 3 
3 15 Strong 22 
4 15 Strong 
5 20 Fairly — 1 17 
6 2⁵ 3 only 22 
— 


due, not to a loss of potassium but to an increase in the water content 
of the stimulated ganglion, appears to be excluded by the fact that the 
weights of the corresponding ganglia from the two sides did not differ 
materially. The experiments, however, leave open the possibility that a 


minor part of the alteration in the potassium concentration mien be due 


to rang of water. 
TaBLE m. Direct stimulation of denervated ganglion. 
Percentage decrease 
Period of of K-concentration — 
No. of stimulation calculated as 
exp. (min.) ect in Table II 


1 25 Strong 1 
2 25 Strong, but slow 2 
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In Table III are shown the results of the direct stimulation of de- 


nervated ganglia: in this case no difference could be detected between the 
stimulated and the unstimulated side. 


Discussion. 


Before discussing the possible significance of these results, a few facts, 
based on histological evidence, might be considered. Macallum in 1905 
precipitated potassium in slices of different tissues and saw precipitates 
at the surface of sympathetic ganglion cells. This localization at the sur- 
face of cells has recently been confirmed by Bureau [1934]. The author, 
however, does not believe this to be the normal distribution of potassium 
in the resting cell but an accumulation liable to be evoked by any stimu- 
lus whatsoever. The highly hypertonic solutions used by Macallum for 
detecting the potassium may easily have acted in this way as a stimulus to 
living tissues. If the contention of Bureau is correct, stimulation initiates — 
in the cell a centrifugal migration of potassium ions which may be the 
first stage of the passage of potassium to the blood stream which has been 
observed in these present experiments. | 

Whether this potassium leakage can be regarded as a normal process 
in ganglion cell excitation, or a result merely of excessive fatigue, is open 
to question. A similar controversy has arisen over experiments on frogs’ 
muscles. Ernst and Scheffer [1928] found a loss of potassium as high 
as 30-50 p.c. when frogs’ muscles were stimulated directly and attri- 
buted it to ionization by the excitation process of organic potassium — 
compounds. Later, Ernst and Csucs [1929] examined the effect of 
indirect stimulation and stated that in this case no alteration in the 
potassium content could be detected, a result confirmed by Mond and 
Netter 1930) who believe that loss of potassium is due to damage of the 
tissue by unphysiological stimuli. Nevertheless Cloetta and co-workers 
[1934], examining mammalian muscle under the same conditions, ob- 
served a leakage of potassium. Mond and Netter, moreover, contest the 
generally adopted view of an increase of cell permeability during normal 
stimulation. Dubuisson’s [1934] recent experiments on the membrane 
resistance of muscles, however, seem to prove an increase of tissue 
permeability with any mode of stimulation. | 

If we assume an increase of permeability to take place in the stimu- 
lated ganglion, the question arises as to whether the decrease in potassium 
content is only an irrelevant consequence of this alteration of the cell 
membranes or if it is an integral part of the excitation process itself as may 
be suggested by the important role generally attributed to movements of 
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these ions in the propagation of the impulse. Perhaps even both increase 
of permeability and displacement of potassium ions are responsible for 
the potassium leakage. Whatever may be the answer, Ebbecke’s view 
[1922], that an increase of permeability not only accompanies every exci- 
tation process but also lasts much longer than the excitatory state itself, 
would account for a severe loss of the diffusible substances involved, 
especially of potassium, if stimulation is carried on without interruption 
and complete recovery of the membranes is thus prevented. 

Taken at their face value, the two experiments made on the de- 
nervated ganglion might seem to indicate that stimulation of the nerve 
cells directly, or by impulses reaching them antidromically in their (post- 
ganglionic) axons, are ineffective in causing the loss of potassium ions 
into the blood, which occurs when they receive their physiological stimuli 
across the synapses, as the result of preganglionic impulses. It hardly 
seems legitimate, however, to base a conclusion of such importance on 
these experimental results. Since the observation of a lower threshold 
of excitation for nerve fibres as compared with nerve cells in the cerebral 
cortex [Bubnoff and Heidenhain, 1881: Vogt, 1933] probably holds 
for the cells of sympathetic ganglia, there is no means of ascertaining 
whether stimulation of the ganglionic cells or of the efferent fibres was 
effected. Moreover, it is anatomically not possible to free the post- 
ganglionic tract in the dog so as to insulate it from surrounding tissues; 
and with the ganglion necessarily left with its natural relations and 
attachments, it is not possible to estimate the current density obtained in 
the ganglion, with electrical stimulation as applied in these two experi- 
ments. Under these conditions the possibility remains open that the 
absence of a significant loss of potassium was due to relatively ineffective 
stimulation, rather than to its antidromic or direct nature, as contrasted 
with the physiological stimulation through the synapses. These experi- 
ments are put on record for information, but cannot be regarded as 
providing evidence that the potassium leakage is dependent on the 
integrity of the preganglionic endings, and is associated with synaptic 
transmission as distinct from the response of the ganglion cell itself. 

The last question is, whether this loss of potassium, as a normal effect 
of physiological stimulation or an abnormal result of fatigue, is produced 
by ionization of organic potassium compounds or by increased cell 
permeability to pre-existent potassium ions. The former conception, 
though difficult to conceive from the chemical standpoint, has prevailed 
for many years (Macdonald, 1905; Howell and Duke, 1908; Ernst 
and Scheffer, 1928; Waelsch and Kittel, 1934] but seems nowadays 
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more and more to lose ground [Mond and Netter, 1930; J acques and 
Osterhout, 1935]; and facts such as those put forward by Hill and 


Kupalov [1930] suggest that the existence in tissues of organic potassium 
compounds is very improbable. 


SuMMARY. 


Prolonged faradic stimulation of the preganglionic fibres of dogs’ 
superior cervical ganglia brings about a decrease in the potassium content 
of the ganglionic tissue; no change was found, in two experiments, when 
direct stimulation was applied to ganglia denervated by cutting the 


sympathetic trunk in the neck a few weeks earlier. The W stapes of 
these facts are discussed. 


I wish to express my very sincere thanks to Sir Henry Dale for the hospitality in his 
criticizing this work, and to Dr Feldbeng for his 
help in many of the operations. 
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RESPIRATION AND THE CAVA—FURTHER 
X-RAY CINEMATOGRAPHIC STUDIES. 


: By K. J. FRANKLIN AND R. JANKER. 
(From the Réntgenabteilung der Chirurgischen ‘Universitats-Klinik und- 
Poliklinik, Bonn, and the University Department of Pharmacology, Oxford.) 
ae | (Received November 1, 1935.) 


Pror. Béume of Rostock has recently modified the technique for the 
intravascular injection of thorotrast, so that the contrast medium 
remains longer in the vessels before it is finally deposited in the spleen 
and elsewhere. The results obtained by Böhme and Janker with the 
improved technique decided us to repeat some of our own previous work 
[Franklin and Janker, 1934] and to extend it. 

Our objects of study were the effects of the respiratory movements 
upon the calibre and, so far as this was possible to estimate, upon the 
blood flow in the thoracic, intrahepatic, and ——" portions of the 
inferior vena cava. 

Mrruop. 


The species used were the cat and the rabbit. All the animals were 
anesthetized with ether, and were examined in the lateral horizontal 
position. The X-ray cinematographic apparatus employed was Janker’s 
animal one [J anker, 1932, 1933], and in general the work was done under 
conditions similar to those obtaining in our previous experiments. The 
number of animals of each species which were examined was not large, 
because of the expense of the method; the results described may not, 
therefore, cover all possible variations. Carbon dioxide was administered 
at times during the experiments in order to deepen the respiration. 

The technique of injection of the thorotrast is very simple. It was 
described by Böhme at the German Réntgen-Kongress in 1935, and 
reference can be made to the forthcoming Kongressheft. More thorotrast 
than before, i. e. as much as 20 c. c. for a medium-sized cat, is injected into 
a suitable vessel—in our experiments the femoral vein—and the shadows 
of the vena cava and of other vessels remain visible on the screen for 80 
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long as 5 min., instead of being marked merely during the actual period 
of injection. 

The film record was examined in three ways, by repeated screen 
projection, by making outline drawings of enlarged stills, and by com- 
parison of photographic enlargements from individual frames. 


REsULTs. 


(a) The cat. The shadow of the thoracic inferior vena cava lengthened 
from 30 to 45 p.c. during inspiration, and when inspiration was very deep 
the heart was pulled caudally a short distance. A diminution in calibre 
often occurred in this phase of respiration, and the amount of this 
diminution was as much as 25 p.c. On the other hand, there was at times 
no perceptible lessening of the width of the caval shadow in the lateral 
position. In inspiration the shadow of this vessel became somewhat 
lighter than in expiration. 

The main inflow of blood into it, and the only inflow that could be 
detected by means of continuous screen projection or by examination of 
enlarged stills, occurred in expiration; a jet of much darker colour was 
seen to pass towards the heart. The jet showed what Dick [1928] first 
referred to as “streamlining’’. Striking, apparently, against the dia- 
phragmatic bend in the vena cava, the column of blood passed across to 
the opposite side of the vein, and continued along this side, providing 
only one-fifth or less of the total vein shadow, to the heart. There was no 
suggestion that it mixed at all with the other blood in the vessel. This jet 
shows as a dark line at the upper side of the vein in Fig. 1. 

A second, relatively minute inflow of blood into the thoracic inferior 
vena cava occurred at the height of inspiration. It could only be detected 
during interrupted screen projection of individual frames, and even by 
the use of this method it was not possible to determine the source of the 
inflow, because of lack of clear detail immediately posterior to the edge 
of the diaphragm shadow. The shadow of the inflowing blood occupied 
the third sixth of the total vein shadow, measured from the spinal side; 
it followed a line parallel to the general line of the vena cava, and dis- 
appeared after passing along about a sixth of the total length of the vein 
from the diaphragm to the heart. 

A particular respiratory cycle occupied thirty-four frames, i. e. just 
over 2 sec., from the height of one inspiration to the height of the next 
inspiration; the height of expiration corresponded with frame 17. Frames 
1-4 and 33-34 showed the small inspiratory inflow, which therefore 
occurred during 6/34 of the cycle. Frames 11-23 showed the large 
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expiratory inflow, which therefore occupied 13/34 of the cycle. There 
was no detectable inflow between frames 5 and 10, and 24 and 32. Both 
the inflows, inspiratory and expiratory, rose to a maximum and then 
fell off. 

The shadow of the intenbebatio vena cava became narrower in 
inspiration a short distance caudal to the diaphragm. Whether or not 
the narrowed portion included the hepatic vein entries it was not possible 
to determine, for the entries were not visible 1 in this species, as they were 
in the rabbit. | 

There was no marked effect of respiration upon the calibre of the 
posthepatic vena cava. 

(6) The rabbit. In expiration the shadow of the thoracic inferior vena 
cava became broader and shorter. Measurements in a particular instance 
showed a decrease of one-third in diameter and an increase of one-third 
in length in inspiration. 

The shadows of the hepatic vein entries showed up in expiration, 
but were practically invisible in inspiration (Figs. 3-4). In this latter 


Figs. 3 and 4, Outline drawings, made from enlarged stills, of the shadows of the anterior 
edge of the diaphragm and of the postdiaphragmatic vena cava in a rabbit. Fig. 3 repre- 
sents full expiration, Fig. 4 the height of the succeeding inspiration. R. D. &. rostral edge 
of the diaphragm shadow; H. V. E. „ J. J. O. inferior vena cava. 


phase, the shadow of the vena cava between the hepatic vein entries and 
the anterior edge of the diaphragm became wider, and the remainder of 
the intrahepatic vena cava shadow narrower. 


There was no eee effect of — upon the calibre of the 
caval shadow. 


* 
4 
. 
eZ 
a 
2 
Ii F.C. 
2 
J. VC. 
4 ig. 4 
A 
x 
i 
4 
75 
a4 


RESPIRATION AND VENE CAVE. 267 


Discussion. 


(a) The cat. There is evidence that the thoracic inferior vena cava 
became flattened in inspiration. Even if, for the moment, we assume 
that its lumen remained cylindrical, the measurements given would mean 
that its volume in some cases diminished from 19 to 37 p.c. during 
inspiration. In the absence of any quantitative data about the extent of 
the flattening, it is impossible to say whether or not there was in any case 
an inspiratory increase in volume of this vein; the work quoted in our 
previous paper tends to show that such an increase is the exception rather 
than the rule, especially if inspiration is deep. 

The increased inflow found during expiration corroborates earlier 
findings, but the “streamlining” has not previously been seen. The 
passage of the blood across to the spinal side of the vein may perhaps 
occur for the following reasons. This side of the vessel lengthens somewhat 
more than the opposite side in inspiration, and the criss-cross spiral 
_ collagen fibres on the spinal side intersect at a wider angle in expiration 
than do those on the sternal side, whereas in inspiration the angle is about 
equal on the two sides [Franklin, 1932]. There would thus be a tendency, 
ceteris paribus, for the cross-section of the vein to be symmetrical in 
inspiration, but to be somewhat more open on the spinal side than on the 
sternal side in expiration. Further research is necessary, however, before 
this explanation can be accepted. 

The small inspiratory inflow cannot be satisfactorily accounted for 
from the details visible in the present film. It may be an escape from 
the abdominal vena cava as a whole; inspiration tends in various ways 
to impede the blood flow from the abdomen, but the impeding mechanisms 
may perhaps yield a little to the increasing pressure during deep inspira- 
tion. Alternatively, the inflow may be from the liver, in which case 
inspiration would facilitate the hepatic flow at the same time that it 
impeded the general abdominal flow. The fact that the inspiratory line 
of flow in the thoracic inferior vena cava is different from the expiratory 
one suggests at first sight a different source of the blood, but, as 

we have seen, the cross-section of the vein may perhaps differ in shape 
in the two phases of respiration, and other factors may also enter into 
the question. 

The inspiratory narrowing of the intrahepatic vena cava corresponds 
with our previous observations, and suggests that the general abdominal 
inflow into the thoracic inferior vena cava is impeded in this phase. 

(b) The rabbit. If the lumen of the thoracic inferior vena cava remained 
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cylindrical, there must have been a decrease of c. 40 p.c. in its volume 
during inspiration in some cases. 

The fact that the hepatic vein entries are visible in expiration, and 
practically invisible in inspiration, suggests that in the former phase 
there is either regurgitation into the hepatic veins, or else an impeded 
outflow into the vena cava, due perhaps to the passage of a greater amount 
of blood from the rest of the abdomen and from the posterior limbs. 
When we note, in addition, the inspiratory increase in calibre of the 
vena cava between these hepatic entries and the diaphragm, and the 
simultaneous decrease in its calibre caudal to these entries, we are justified 
in suggesting, as a provisional hypothesis, that the hepatic inflow is 
facilitated by inspiration, and the rest of the abdominal inflow impeded, 
whereas in expiration the reverse holds good. 

(e) The posthepatic vena cava. Owing to the depth of shadow of 
surrounding parts, it was not possible to gain any idea about the passage 
of blood along this vessel, as affected by respiration, in either of the two 
species examined. 


SuMMARY. 


1. In general, the present work confirmed past findings about the 
tendency of the thoracic inferior vena cava of the cat and of the rabbit 
to decrease in volume in inspiration, especially if inspiration is deep. 

2. In the cat the main inflow into the thoracic inferior vena cava 
occurred in expiration, but a very small extra inflow occurred at the 
height of deep inspiration. 

3. In the rabbit there was a suggestion that N facilitated 
the hepatic inflow and impeded the general abdominal inflow, while in 
expiration the Yeverse occurred. 

4. The calibre of the posthepatic vena cava was not appreciably 
altered by respiration in either species. 

We wish to thank Prof. Frhr. v. Red witz for the facilities afforded us in the University 
Surgical Clinic, Bonn. For help in the conduct of the experiments we are indebted to 
Frl. Kaas and Frl. Sanders, X-ray assistants, and to Herr Bötsch, technician. The 
expenses of the research were defrayed by a grant made to one of us (K.J.F.) by the 
Rockefeller Foundation, and we wish here to record our appreciation of the Foundation’s 


generosity. The work forms part of a study of the venous return in mammals; some extracts 


from the film were demonstrated to the Physiological Society at its meeting on October 19, 
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Fig. 2. 

Figs. 1 and 2. Lateral views, taken from the X-ray cinematograph film, of part of the 
inferior vena cava of a cat. Fig. I is at the height of an expiration, Fig. 2 at the height 
of the succeeding inspiration. T. I. F. C. thoracic inferior vena cava shadow; I. F. C. 
postdiaphragmatic vena cava shadow; D. rostral edge of the diaphragm shadow; 
H. heart shadow. The expiratory inflow shows up as a dark line on the upper side of 

the T. I. F. O. shadow. 
To face p. 268 
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TRANSMISSION THROUGH A LUMBAR 
SYMPATHETIC GANGLION. 


By S. OBRADORI AND J. B. ODORIZ2 
(Physiological Laboratory, Oxford.) 
(Recewed November 5, 1935.) 


In the lower lumbar sympathetic of the cat, Langley [1896, 1900] and 
Ranson and Billingsley [1918] showed that the sympathetic trunk 
above a ganglion contained all the fibres which end either terminally 
or collaterally in synaptic relationship with its ganglion cells. Most of 
the axons of these ganglion cells pass to the periphery by the grey ramus 
of that ganglion, but some descend in the sympathetic trunk and pass 
out usually by the next lower grey ramus. 

The object of this investigation is to study the physiological conditions 
of transmission through the fifth lumbar ganglion, employing the method 
of electrical recording that has been used to the superior cervical ganglion 
[Eccles, 1934a, ö and 1935]. 

Murnop. 


In decerebrate cats the abdominal sympathetic was carefully dissected 
out, and the sympathetic trunk above and below the fifth lumbar ganglion 
and the corresponding grey ramus were cut as far as possible from the 
ganglion and connected to electrodes. The general technique of stimulating 
and recording has been described previously [Eccles, 1935], but a 
Matthews’ oscillograph and amplifier have been employed. 


RESULTS. 
A. Transmission of impulses. 
(i) Transmission through the ganglion of a descending volley. 
(a) Recording from the grey ramus. When a single break-shock 
stimulus is applied in the trunk above the ganglion and the amplifier 


1 Working under a grant of the “Junta para Ampliacién de Estudios” (Madrid). 
® Working under a grant from the “Prince of Wales Scholarship for Argentines at 
Oxford”. 
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leads are on the grey ramus, we get the following type of record (Fig. 1). 
A fast spike complex (A) appears about 15 o after the stimulus artefact 
and is followed by a slow spike complex (B), which always has a consider- 
ably higher threshold. The relatively long latent period for both spikes 
is probably partly accounted for by synaptic delay in the transmission 
through the ganglion. 

(b) Recording from the sympathetic trunk beyond the ganglion. In these 


records the descending volley appears (Fig. 2) as a fast spike (A) followed 


by a slower spike complex (B) having two main waves. The very short 


| 
ͤ 1 I 
0 20 40 60 80 msec. 
Fig. 1. A descending volley recorded in the grey ramus. 


0 20 40 80 meee. | | 
Fig. 2. A descending volley recorded in the sympathetic trunk below the ganglion. 
latent period of the fast spike (about 2-3 o) is no longer than the presumed 
value for conduction time in preganglionic fibres [cf. Eccles, 1935], 
hence such a spike is due to impulses in those fibres traversing the ganglion 


without synaptic relay. The slow spikes may be comparable to those 
found in the grey ramus. | 


(2) Transmission through the ganglion of an ascending volley. 

(a) Recording. from the grey ramus. When the stimulus is applied to the 
sympathetic trunk below the ganglion, the spikes recorded from the grey 
ramus (Fig. 3) have similar latent periods to those of section 1 (a), but 
the slow spike complex (B) is relatively smaller. The impulses discharged 
down the grey ramus presumably are due to collaterals from preganglionic 
fibres which pass right through the ganglion in the sympathetic trunk 
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[Langley, 1900]. Again as in section 1 (a), the latent period is probably 
partly accounted for as synaptic delay, for such collaterals end in synaptic 
relationship with the ganglion cells Langley, 1900]. But all fibres do not 
thus make connection with the ganglion cells by collaterals, for the larger 
slow spike in the grey ramus with a descending volley shows that this 
volley fires off more ganglion cells than an ascending volley, hence some 
fibres in the sympathetic trunk above the ganglion must terminate 


synaptically in the ganglion. 


A 
‘ 
20 40 60 80 msec. 
Fig. 3. An ascending volley recorded in the grey ramus. 


A 


0 20 40 60 80 msec. 


Fig. 4. An ascending volley recorded in the sympathetic trunk above the ganglion. 


(6) Recording from the sympathetic trunk above the ganglion. As with 
section 1 (b) a fast spike appears (Fig. 4) with a very short latent period 
2-3 o), and is presumably due to impulses in fibres passing directly 
through the ganglion. The slow spike is, however, much smaller than with 
transmission in the opposite direction and is entirely due to fibres of 
very high threshold and hence of very slow conduction rate. It would, 
therefore, seem that much of this larger slow spike must be due to sr ham 
in fibres which have a synaptic relay in the ganglion. — 


(3) Antidromic volley in grey ramus. 

When the grey ramus is stimulated no action potentials can be 
detected in the sympathetic trunk either above or below the ganglion. 
Hence it may be concluded that at most very few fibres in the grey 
ramus run e through the ganglion to the sympathetic trunk. 


| 
4 
2 
* 
2 
* 
1 
id fe * 
j 
— 
7 
* 
a 
aa 
0 
oF 
> 
E 
; 
B 
* 
7 
2 
. 
. 
72 
E 
if 
2 
7 


272 S. OBRADOR AND J. B. ODORIZ. 


(4) Discussion. | 


Fig. 5 illustrates the types of fibre connections which have been 
demonstrated in the ganglion by these experiments. With stimuli above 
the ganglion and leads on the grey ramus the spike complexes would be 
produced by impulses in fibres A, B and D after synaptic relay in the 


A 


Fig. 5. Diagrammatic representation of the fibres in the fifth lumbar sympathetic ganglion. 
A, myelinated fibres (6-8 4) with a conduction rate of 6-8 metres per second. They go 
through the ganglion sending collaterals to the ganglion cells, and produce the fast 
spike complex. B, thin myelinated (2-4 u) and non-myelinated fibres with a conduction 
rate of 0-8-2 metres per second. They participate in the production of the slow spikes 

and give collaterals to the ganglion cells. O and D, fibres with the same size and con- 
duction rate of B fibres. They produce also slow spikes. C fibres have their synapse 
in the ganglion and the postganglionic fibre is in the sympathetic trunk below the 

_ ganglion. With D fibres the postganglionic fibre is in the grey ramus. 


ganglion. With stimuli below the ganglion and leads on the grey ramus, 
impulses in fibres A and B would again give the fast and slow spike 
complexes. With stimuli above the ganglion and leads on the sympathetic 
trunk below the ganglion impulses in fibres C, A and B would account 
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for the spikes, A giving the fast spike and C and B the slow ones. With 
reverse transmission A would again give the fast spike, B alone now 
being responsible for the slow spike complex. 

The fast spike has a conduction rate of 6-8 metres per second, and 
is presumably due to large fibres (6-8 f) of the sympathetic trunk. 
Following the classification of Bishop and Heinbecker [1930] they 
would belong to the B, group. The conduction rate of the slow spike 
complex is between 0-8 and 2 metres per second. They are probably due 
to small myelinated (2-4 ½) and nonmyelinated fibres, corresponding to 
the O type of Erlanger and Gasser [1930]. The grey ramus is composed 
of non-myelinated fibres. 


B. Ganglionic slow waves. 


In the superior cervical ganglion, Eccles [1934a, 1935] described slow 
waves when recording directly from the ganglion. The spike is followed 


— —— 


0 80 160 240 320 msec. 
Fig. 6. Slow negative and positive waves as detected in direct leading from the ganglion. 
by a slow negative wave with a duration of about 1500 and a slow 
positive wave of about 500c. 

In our preparation we also found these slow waves. Sending an 
impulse in the sympathetic trunk above the ganglion and recording 
directly from the ganglion, i.e. the earthed lead being on the ganglion 
and the grid either in the grey ramus or sympathetic trunk beyond the 
ganglion, we observe the two slow waves (Fig. 6). In ascending volleys 
recorded with leads on the ganglion and grey ramus the slow waves were 
also present. 

These slow waves have not been observed when the leads have been 
on the nerves some distance from the ganglion. Our observations suggest 
that these potential waves are produced in the ganglion cells by impulses 
in preganglionic fibres ending in synaptic relationship with them [cf. 
Eccles, 1935]. 

The first effect after painting the ganglion with very weak solutions 
of nicotine (0-02 p.c.) is to abolish these slow waves. If the concentration 
is increased (till 0-1-0-5 p.c.) both the synaptic and direct transmission 
through the panghon. are also abolished. 
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(1) Facilitation. C. Facilitation and inhibition. 


Eccles [1934a] has described facilitation in the superior cervical 
ganglion. The spike of a preganglionic submaximal volley may be 
increased by a previous submaximal volley. This facilitation can be 
detected at intervals between 10 and 150 o, the maximum being at 15 o. 

When leading from the grey ramus and stimulating submaximally the 
sympathetic trunk either above or below the ganglion, facilitation has 
been observed, being especially well marked in the fast spike complex 
(Fig. 7). When stimulating the sympathetic trunk above and leading 


1 1 1 A 


0 40 80 120 msec. 


The control response being shown in the second record. 


from it below the ganglion, there is also facilitation of the slow spike, 
but with the fast spike in this case facilitation has never been observed. 
With the reverse leads also facilitation has never been observed. Hence 
facilitation seems to be present only for those impulses which are relayed 
synaptically in the ganglion. Painting the ganglion with dilute nicotine 
abolishes facilitation [Eccles, 1935] and hence suggests a relationship 
between the facilitation process and the slow negative wave which was 
also abolished by dilute nicotine. 


(2) Inhibition. 


In the superior cervical ganglion, Eccles [19346] has observed an 
inhibitory process similar to that described in the spinal cord, the central 
: inhibitory state [Eccles and Sherrington, 1930]. _ | 
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The early course of this inhibition is overlapped by the concurrent 
facilitation, but a maximum appears to be reached at 200 o, and dis- 
appears after 500 œ. The long intervals demonstrate that it is not due to 
a refractory period of the ganglion cells. | 

Recording in the grey ramus of our preparation, the action potentials 
of either descending or ascending volleys are decreased when they are 
preceded at long intervals by maximal volleys. This inhibition reaches 
its maximum at about 200-300 o. 

In descending volleys recorded in the sympathetic trunk beyond the 
ganglion the inhibition appears not only with the slow spikes, most of 
which fibres have synapses in the ganglion, but also with the fast spikes 


* — 


* 
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0 80 160 240 320  400msec. 
Fig. 8. Inhibition of response to second volley at long intervals after a previous volley. 
The uninhibited response being shown in the second and fourth records. 


produced by fibres that traverse the ganglion without synaptic relay. 
This inhibition of the fast spikes can be also demonstrated very clearly with 
ascending volleys set up in the sympathetic trunk below and recorded 


above the ganglion (Fig. 8). 
(3) Discussion. 

We have found that in the fifth lumbar sympathetic ganglion a 
maximal volley produces an inhibitory effect on a subsequent volley 
when the two are separated by a relatively long interval (100-600 o). 
This inhibitory effect which has been observed by Eccles [19346] in 
the action potentials of sympathetic fibres synaptically relayed in the 
ganglion, we find also present in those fibres which traverse the ganglion 
without synapses. 

It does not seem possible that this depression of the second response 
can be due to subnormal excitability under the stimulating electrodes 
[Gasser, 1935; Richards and Gasser, 1935], for it was still evident 
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when the second stimulus was maximal. It is more probable that this 
depression is allied to that described by Barron and Matthews [1935 
in the spinal cord, for our conditions resemble theirs in the presence of 
collateral branching at the presumed region of the inhibition. However, 
we have no evidence supporting their explanation in terms of spread of 
electrotonus. 

Summary. 


Using the method of oscillographic recording we have studied the 
transmission of the nerve impulses through the fifth lumbar sympathetic 
ganglion of the cat. 

The observed action potentials are interpreted in terms of a relatively 
simple scheme of connections in the ganglion of the different kinds of 
fibres. 

In addition to the spike potentials set up by impulses, slow potential 
waves are set up in the ganglion cells by preganglionic impulses. 

A preganglionic volley sets up in the ganglion cells a short period of 
facilitation which passes over to inhibition. Corresponding to this 
inhibition there is a blocking of impulses in some of the fibres which 
pass through the ganglion without synapses. This phenomenon seems 
similar to that described by Barron and Matthews [1935] in the spinal 
cord. 


We wish to express our sincere thanks to Sir Charles Sherrington for his interest 
in these studies. 

We are especially grateful to Dr J. C. Eccles for his help throughout the course of these 
investigations. 
photographic expenses. | 
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THE ACETYLCHOLINE CONTENT OF THE 
CEREBRO-SPINAL FLUID OF DOGS. 


By W. FELDBERG? H. SCHRIEVER! (Warzburg). 


(From the National Institute for Medical Research, 
Hampstead, London, N.W. 3.) 


(Received November 7, 1935.) 


D1KxsuHitT [1934] has suggested that the effects of central vagus stimu- 
lation might be transmitted in the medullary bulb by the liberation of 
acetylcholine. This theory was based on the following observations: 
(1) injections of minute amounts of acetylcholine into the lateral ventricle 
of a cat had effects on respiration and heart activity similar to those of 
central vagus stimulation; (2) extracts from the basal ganglia of the brain 
yielded a higher amount of a substance resembling acetylcholine than 
extracts from either the cortex or the cerebellum; (3) in a few experi- 
ments out of many, cerebro-spinal fluid (c.s.f.) of cats collected during 
_ central vagus stimulation contained more acetylcholine than the fluid 
collected before stimulation. | 

These last experiments appear to have been carried out without 
previous administration of eserine. In its absence it would hardly be 
expected that any acetylcholine which might be liberated during stimula- 
tion would escape destruction during its passage into the c.s.f. We have 
therefore made similar experiments on dogs and prevented the destruction 
of acetylcholine by intravenous injections of eserine; atropine was in- 
jected simultaneously in order to prevent the disturbing effects of eserine 
on the circulation. In addition to vagus stimulation, the effect of asphyxia 
was examined. In atropinized dogs both central vagus stimulation and 
asphyxia are associated with a large rise of arterial blood-pressure in 
which an output of adrenaline from the suprarenals may be an important 
factor. Control experiments were therefore carried out in which either the 
effect of injected adrenaline was studied, or the suprarenals were removed 
and the rise of pressure was prevented by use of a compensator included 
in the arterial system. 

1 Fellow of the Rockefeller Foundation. 
PH. LXXXVI. 18 
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METHODS. 


Dogs of 13-30 kg. were anwsthetized with chloralose. A cannula was 
tied into the trachea, both vago-sympathetic nerves were cut and the 
arterial blood-pressure was recorded from the right femoral artery. In 
most experiments the large and small intestine, spleen and omentum were 
removed, but the stomach left in situ with the portal circulation intact. 
Both splanchnic nerves were cut, and in some experiments the suprarenal 
bodies were also removed. If a compensator was used the lower end of 
the abdominal aorta was dissected for a length of about 2-3 cm., all 
branches from the isolated portion being tied and cut. The blood was 
rendered incoagulable by intravenous injection of chlorazol-fast pink and 
a T-shaped cannula was tied into the freed part of the aorta and con- 
nected to the compensator by a rubber tube, which was kept clamped 
until shortly before the test. 

The c.s.f. was collected from the subcerebellar cisterna. The skin and 
muscles over the occiput were divided in the middle line as far as the 
third cervical vertebra; the head was strongly flexed and a cannula with 
a sharp trocar was thrust through the occipito-atlantal m membrane and 
dura mater: The cannula was fixed in position by a thread secured to the 
muscle layers. When the trocar was removed, clear c.s.f. dropped freely 
from the cannula. Samples of 14-24 c.c. were withdrawn at every 
10-20 min., the rubber tube from the cannula being clipped in the 
intervals. After the removal of some 10 c. c. slight suction with a syringe 
had to be applied to obtain further fluid. 

The central end of the vago-sympathetic nerve was stimulated with 
an induction coil and ordinary metal electrodes for periods of 6-10 min. 
The adrenaline was slowly injected into the femoral vein with a pipette or 
with the slow infusion apparatus of Burn and Dale. Asphyxia was in- 
duced by clamping the trachea. The administration of eserine was always 
preceded by an injection of a tenth of the amount of atropine. 

The c.s.f., in 5-75 p.c. dilution, was tested on the eserinized leech 
muscle, and, without — on the arterial blood-pressure of a cat 
under chloralose. 

EXPERIMENTAL. 


(a) The effect of eserine. The c.s.f. collected from dogs, which had not 
received eserine, was without effect, even in a 75 p.c. dilution, on the 
eserinized leech muscle. As the leech commonly reacted to a solution of 
acetylcholine 1 in 10°, the fluid contained certainly less than 0-001 y of 
acetylcholine per c.c. The fluid was still without effect upon the leech 
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after an intravenous injection of 0-5-1 mg. of eserine per kg. After the 
dog had received a somewhat larger dose, such as a total of 1-5-2 mg. of 
eserine per kg., injected over a period of 20-30 min., the c.s.f. became 
active, so that a sample taken 10 min. later caused contraction of the 
leech. With such intermediate dosage of eserine, however, subsequent 
samples always showed a progressive decline in activity. The administra- 
tion of a further quantity of eserine to the animal then evoked a renewed 
increase of activity of the c.s.f. 

After a larger dose, such as 4-4 · 5 mg. of eserine per kg., injected in the 
course of 20-30 min., the action on the leech of subsequent samples of the 
c.8.f., collected at intervals of 10 min., was not only greater than after 
smaller dosage with eserine, but increased progressively in the second and 


Fig. 1. Leech in eserine 1 in 5 x 10°. A-—H, o. s. f. of dog in 20 p. o. dilution. 
| J, ACh, 1 in 6x 108. 


third samples. Fig. 1, A-E, shows the effect of five successive samples of 
c.8.f. in 20 p. c. dilution, taken at 10-20 min. intervals. The dog had been 
given 3 mg. of eserine per kg. in all, the injection being completed 15 min. 
before sample A was taken. The activity of the most potent samples of 
such ¢.s,f. corresponded in some experiments to an acetylcholine concen- 
tration of 0-015y per c. c., or about 1 in 7 x 107. 

The fact that the c.s.f. only became active after the intravenous in- 
jection of eserine strongly suggested that the activity was due to acetyl- 
choline, This was further substantiated by the following observations. 
The fluid was inactive on the non-eserinized leech preparation; it caused 
a fall of pressure in the cat, which was abolished by atropine; the de- 
pressor action and the action on the leech were destroyed by alkali; and, 
finally, the assay of the same sample of fluid on the leech and the blood- 
pressure gave closely corresponding values in terms of acetylcholine. We 
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shall see later that adrenaline causes an increase in, or the appearance of 1 
acetylcholine in the c.s.f. This action of eserine, however, is not due to 1 
adrenaline output, since it was unchanged by removal of the suprarenals. be 
(Y) Adrenaline. Slow intravenous infusion of 5-15 C. 0. of adrenaline a 
1: 10,000 or 1: 20,000 into dogs treated with eserine, caused the appear- 
ance of acetylcholine in the c. s. f. The samples were taken at the end of the 
adrenaline infusion or shortly afterwards. If the c.s.f. had already some oh 
activity, due to the eserine, adrenaline caused a significant increase. Sub- 3 
sequent samples taken at 10-15 min. intervals showed a gradual dis- 
appearance of the acetylcholine in the c.s.f. Adrenaline was ineffective if 
injected prior to the administration of eserine; the effect could sometimes 
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2... 
Fig. 2. Leech in eserine 1 in 6x10) ae e blood; A, D and E, 30 p. o. 
0.8. f. A and B collected before, C and D during, E, 50 min. after adrenaline infusion. 


be observed, however, after 0-5-0-8 mg. of eserine per kg. The greater the 
amount of eserine injected before the adrenaline infusion, the stronger the 
effect of adrenaline and the slower the disappearance of acetylcholine 
from subsequent samples. Concentrations of acetylcholine as high as 1 in 
4x10’ were observed. The effect of adrenaline could be repeatedly 
obtained in the same dog. 

The acetylcholine appearing in the c.s.f. after adrenaline does not 
simply diffuse from the blood into the c.s.f., as no simultaneous rise in the 
acetylcholine content of the arterial or venous blood could be observed 
after adrenaline. Fig. 2 shows the effect on the eserinized leech of blood 
collected from the femoral artery and of c. s. f., both in 30 p. c. dilution. A 
dog weighing 18-6 kg. had received three injections of 10 mg. of eserine and 
1 mg. of atropine, the last injection being given 15 min. before the first 
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samples were taken. The blood (B) and the c.s.f. (A) produced only slight 
effects. Then 15 C. 0. of adrenaline 1: 20,000 were slowly injected into the 
dog, causing a rise of blood-pressure. During the last minute of the 
adrenaline infusion new samples of blood and of c.s.f. were taken. The 
c.s.f. now had (at D) an intense action on the leech, whereas the blood 
(at C) had an effect a little weaker even than that of the first sample. A 
sample of 0.8. f. taken 50 min. later shows that the effect (at E) had now 
practically disappeared. 

The effect of adrenaline is not due to the rise of arterial blood-pressure, 
as it could be obtained if the pressor effect was compensated, although 
in these conditions the appearance and disappearance of acetylcholine in 
the c. s. f. was definitely delayed. For instance, Fig. I, FH, shows the 
assay on the leech of samples of c.s.f. taken after the slow infusion into a 
dog of 15 C. 0. of adrenaline 1: 20,000, the rise of pressure being compen- 
sated. One sample (F) was taken immediately at the end of the infusion, 
a second (G) 10 min., and a third (H) 30 min. later. Sample G contained 
as much acetylcholine as sample F. In many experiments the second and 
third samples actually contained more acetylcholine than the first, where- 
as in the absence of a compensator the second sample was always weaker. 
This difference might be due to the fact that the rise of pressure normally 
caused by adrenaline mechanically expresses the c.s.f. [of. Dixon and 
Halliburton, 1913]. It was always observed that the fluid flowed from 
the cannula more quickly during an adrenaline rise of pressure. 

(c) Asphyxia. Asphyxia causes the appearance of acetylcholine in the 
c.8.f. of dogs, to which eserine has been administered. In the absence of 
eserine, asphyxia has no effect of this kind, The amounts of eserine re- 
quired were the same as those used for adrenaline, and insufficient by 
themselves to cause a progressive rise in the acetylcholine content of the 
fluid. 

Asphyxia causes a rise of arterial blood-pressure in which an output 
of adrenaline may participate. The appearance of acetylcholine in the 
c.s.f. is, however, not due to these factors. It could be obtained in dogs 
from which the suprarenals had been removed and the effect of a rise of 
pressure could be excluded by taking a sample of c.s.f. before the blood- 
pressure rose. The pressor effect of asphyxia did not appear until the 
trachea was opened. This is shown in Fig. 3 which is taken from a 30 kg. 
dog. The suprarenals had been removed, and 17 and 10 mg. of eserine had 
been injected 45 and 15 min. before the collection of the first sample. 
This contained no acetylcholine (A). Sample II taken just before, and 
— III taken just after the clamp had been removed from the trachea 
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caused a contraction of the leech (B and O) nearly as great as that pro- 
duced by acetylcholine 1 in 105 (D). The effect of sample III is slightly 


Fig. 3. Leech in eserine 1 in 5 x 10° and dog’s blood-pressure. Effects Of 6.8.1. in 50 p. o. 
dilution on leech (A) before (B, C) during and (E) 50 min. after asphyxia. D, ACh. I in 


2x 10. 


Fig. 4. Cat, chloralose, eviscerated. Blood-pressure: A, B, D, E, G. 2 c.c. e.. f. A before, 
B, D. E and G during asphyxia. D made alkali, E and d made acid. F, 2 b. O. arterial 
blood. C, 0-04y, ACh. in 2 0.0. Between F and G, 2 mg. of atropine. 

greater than that of sample II. A similar delay in the appearance of 

acetylcholine has been described for the experiments with adrenaline, 

in which the rise of arterial pressure was compensated. An hour later, 


the activity of the c.s.f. had again disappeared (E). 
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In Fig. 4 0. s. f. and blood from the femoral artery were collected simul- 
taneously during asphyxia and tested on the cat’s arterial blood-pressure. 
The experiment shows that the acetylcholine in thec.s.f. does not originate 
directly from the blood. The 22 kg. dog had received 45 mg. of eserine in 
all. A shows the effect of the o. s. f. collected before the asphyxia was 
started, the slight depressor action being due to acetylcholine which had 
not completely disappeared from a previous asphyxia, carried out 50 min. 


previously. The slight effect contrasts well with the powerful depressor 


action of the sample collected during asphyxia and tested at B. Parts of 
the same sample were made alkaline and acid, kept at room temperature 
for 20 min., then neutralized and injected at D and E. The alkali had 
removed the whole depressor action. F shows the effect of 2 c. c. of blood 
collected during the asphyxia; it had no depressor action. G shows the 
abolition of the depressor action by atropine. The depressor effect cor- 
responded in this experiment to that of acetylcholine 1 in 5x10’. 
Asphyxia always caused the appearance of more acetylcholine than did 
adrenaline; a concentration as great as 1 in 2 x 107 was sometimes found 
in the c.s.f. 

(d) Central vagus stimulation. After the intra venous injection of 
eserine in doses (0-5-2-5 mg. per kg.), sufficient to cause the appearance 
of acetylcholine in the c.s.f. after adrenaline or asphyxia, central vagus 
stimulation had no such effect. In certain earlier experiments results were 
obtained which suggested that, after larger doses of eserine, central vagus 
stimulation caused the appearance of acetylcholine in the c.s.f., even 
when the suprarenals had been removed and a rise of blood-pressure 
prevented. It was later found, however, that we had been misled by the 
fact, then not known, that such large doses of eserine might by themselves 
produce a progressive increase of acetylcholine concentration in the suc- 
cessive samples (see, for instances, Fig. 1). Repetition of the central vagus 
stimulation after the acetylcholine content of the fluid had begun to 
decline did not cause a renewed rise of acetylcholine in the c.s.f., so that 
the earlier observed effects were due to the eserine and not to the vagus 
stimulation. 

Discussion. 


So far as concerns the suggested effect of sensory impulses in the vagus 
nerve, in causing the appearance of acetylcholine in the c.s.f., the results 
of our experiments are negative. We have put them on record, partly as a 
warning to others who may work in this field, of the possibility of being 
misled by effects of excessive doses of eserine in themselves. The appear- 
ance of acetylcholine in the c.s.f. in response to adrenaline or asphyxia was 


a 
— * 
N 
* 
2 
* 
4 
* 
* 
* 
10 
K. 
% 
& 
Bs. 
Ay 
re 
: 
. 
— 
is 
4 
* 
— 


284 W. FELDBERG AND H. SCHRIEVER. 


a genuine effect, being observed after doses of eserine which were not 
themselves effective in causing its appearance. 

We have as yet no data which would warrant speculation as to a 
relation between this output of acetylcholine after adrenaline and — 
and any functional changes in the nerve centres. 


SuMMARY. 


1, After intravenous injections of eserine, acetylcholine appears in the 
0.8. f. of dogs, disappearing again after some time; its concentration is 
dependent on the amount of eserine injected previously. 

2. Adrenaline and asphyxia cause the appearance of acetylcholine or 
an increase of its concentration in the c.s.f., but only after the administra- 
tion of eserine. Central vagus stimulation had no effect of this kind after 
eserine in doses which were not sufficient by themselves to produce a 
progressive increase of acetylcholine in the fluid. 


We desire to make grateful acknowled t of our debt to the Medical Research Council 
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THE RESPONSE OF MEDULLATED NERVE TO 
ALTERNATING HIGH-FREQUENCY STIMULATION. 


By BERNHARD KATZ. 
(From the Department of Physiology, University College, London.) 
(Received November 13, 1935.) 


BuGNARD AND HILL [1935] have shown that with increasing frequency 
of stimulation, by condenser discharges of short duration, the .total 
electrical response of medullated nerve increases to a maximum, after 
which it decreases considerably, owing, as they suggest, to a maintained 
relatively refractory state. During an investigation of electric excitation 
by high-frequency alternating current it seemed possible that much 
stronger stimulation might be necessary in order to obtain a maximal 
response at higher frequencies. In testing the theory [Hill, 1935] of 
the relation between threshold strength and frequency, one has to take, 
with varying frequency, some index of constant response. In order to 
obtain the equivalent response for all frequencies, the maximum response 
was determined at each frequency and a constant fraction of this (10 or 
20 p.c.) was chosen. It was hoped that the influence of maintained 
refractoriness might be eliminated by this method. During the experi- 
ments a phenomenon was noticed which affects the maximum electric 
response and indicates a possible upper limit of frequency within which 
an experimental examination of the theory of excitation is possible. This 
phenomenon is that at a given, rather high, frequency, the response does 
not increase continually to a final asymptotic value as the intensity of 
the stimulus is increased, but reaches a maximum and then decreases 
considerably with higher intensities of stimulus. | 


METHOD. 


Long sciatic nerves of Hungarian Rana esculenta were used, at 4° C. 
or at room temperature, the animals having been kept for 8 months at 
4° C. A paraffin chamber and calomel half-cells were used, the negative 
variation” being led off to a sensitive galvanometer connected to two 
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cells, other cells being used for excitation. Resistance and polarizability 
of the electrode system were checked with constant current and with 
alternating current of various frequencies. An N.P.L. beat-tone oscillator 
(Muirhead) was used, producing sine-wave alternating current from 50 
to 10,000 cycles per sec. | | 

Reactionless resistance boxes (Muirhead) were used as a potential 
divider for adjusting the stimulus, the current intensity in the main 
branch being measured with a vacuo-junction connected with a mirror 
galvanometer. 

The distance between the stimulating electrodes, and the distance 
of these from the near galvanometer lead, were frequently varied, since 
these proved to be significant in the interpretation of the results. 

Careful earthing of the circuit was very important, since at high 
frequencies one had to avoid leak of the stimulating current to the 
galvanometer through earth-capacitative connections. The impedance of 
the preparation was determined by a substitution method. 


RESULTs. 


The maximal response was found to be less at frequencies higher than 
1000-2000 per sec. (at 20°C.), but the diminution with increasing 
frequency was usually less than found by Bugnardand Hill. The intensity 
of stimulation required for the maximal response was sometimes very 
high, up to 250 KA and more. (1 AA is a normal constant current thres- 
hold.) In order to obtain large currents without using high voltages 
a small interelectrode distance was employed. In so doing, at high 
frequencies without exception, an unexpected observation was made. 
The response increased up to intensity of stimulus of about 100A, reached 
a maximum, and then with further increase of current, fell considerably, 
approaching finally rather a small value. 

For comparison experiments were made by Mr Donald Scott, using 
high-frequency “two-way” condenser discharges: they showed the same 
effect, in contrast to high-frequency ‘‘one-way” discharges. 

It seemed at first that this “inhibition” of the response at high 
frequency and intensity depended upon the interpolar distance. This, 
however, was not really the case: the effect was due to two causes: 
(i) with the longer interpolar length a correspondingly higher voltage 
was needed and was not always available; (ii) unless the influence of 
earth capacity was carefully watched, a considerable part of the current 
might easily leak to the near galvanometer lead and excite directly there. 
This, as will be shown below, would extinguish the effect found. When 
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these sources of error were avoided the “inhibition” was reproduced 
for any interpolar length. 

On the other hand, the distance from stimulating electrode to un- 
injured” galvanometer lead is decisive. When the distance from the 
“uninjured” galvanometer lead to the nearer stimulating electrode be- 
comes smaller than about 5 mm., the phenomenon is much less and at 
about 2 mm. it disappears entirely. The nerve impulses apparently pass 
a stretch of a few millimetres with ee strength, before the 
“inhibition” affects them. 

When comparing the galvanometer deflections through the whole frequency range for 
small and for large distance respectively between galvanometer and stimulus leads, one 
finds that at high frequencies the deflections are considerably greater for a short distance, 
for lower frequencies the reverse. At frequencies below 100 per sec. one obtains with very 
small distance negative deflections which are due to electrotonic currents partially 
rectified, owing to the known fact that anelectrotonus is greater than catelectrotonus after 
a current flow of several milliseconds. At high frequencies, when the distance is short, the 
response decreases comparatively slightly with increase of frequency, in contrast with the 
curves of Bugnard and Hill. 

Discussion. 

The effect described, namely, decreased response with increased stimu- 
lation intensity, is connected with the following significant conditions: 
(i) high-frequency of alternating stimulation (greater than 3000 per sec. 
at room temperature); (ii) high stimulus intensity; and (iii) disappearance 
with a short distance between stimulating and galvanometer leads. 
Result (iii) is not due to an excess of catelectrotonic current, as is found 
sometimes with short pulses of current [Bogue and Rosenberg, 1934], 
because the curve reaches a maximum and does not rise further with 
increased intensity. On the other hand, the decreased response at high 
Intensity is not due to far-spreading anelectrotonic current, since then 
it should become more distinct with short distance and should affect the 
response to low frequencies as well. 

The possibility existed that supermaximal stimuli at high frequency 
might have a local effect in increasing the refractory state and thus 
prevent all but occasional impulses. This could not be accepted for three 
reasons: (1) the effect should then be obtained at much lower frequencies 
(e.g. 1000 per sec.), since with these also the interval is smaller than the 
absolute refractory period; (2) it could not explain why the effect dis- 
appeared with a short distance between galvanometer lead and stimu- 
lating electrode; (3) the effect was not obtained with strong high- 
frequency one-way condenser discharges, which also eliminates a 
“cathode depression” as possible explanation. 
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The explanation is probably simply as follows: Gildemeister and 
Weiss [1903] have proved that anelectrotonic block is capable of out- 


running the nerve impulse. As Bogue and Rosenberg have shown, 


this outrunning depends upon the strength of the polarizing current. If 
the interval between pulses in opposite directions becomes very small, 
and their intensity sufficiently great, the possibility exists that the 
propagated disturbance produced by a “cathodic” pulse will be outrun 
by the anelectrotonic condition produced by the next pulse and blocked. 

This possibility was checked with repetitive short condenser discharges 
(RC = 100-300 psec.). Double shocks were applied, using a Pye com- 


- mutator, the “anodic” second shock B falling into the earlier refractory 


phase (at 4 C. about 7 msec.) of the first one A. Then, during the 
application of B shocks the electric response to A shocks is less than to 
A shocks alone, which agrees with the observations of Gildemeister 
and Weiss. 

With high-frequency alternative current of considerable intensity, 
the same conditions exist as in this last experiment, namely, a very short 
interval between two strong shocks in opposite senses. It is suggested, 
therefore, that under these conditions a rhythmic block occurs, due to 
the strong anelectrotonus, which outruns and extinguishes the impulse 
produced by the previous “cathodic” half-period of the current. 

The following conclusions can be drawn. The impulses are propagated 
along a certain nerve stretch. The length of the stretch of unhindered 
propagation depends (1) upon the velocity of the nerve impulse, and (2) 
upon the time interval between ‘excitation and subsequent anelectrotonic 
state. A rough calculation shows that at a frequency of several thousand 
per sec. (the interval between two opposite half-periods being then about 
a tenth of a millisecond), and with a velocity of nerve impulse of about 25 
metres per sec. the length of the region of unblocked propagation is of the 
order of a few mm. This is what has been found in the present experiments. 


Other conditions affect the length of the “unblocked stretch” and prevent a quantita- 
tive determination of it: (a) excitation occurs some distance from the cathode, and 
(5) in @ maintained refractory state, the “cathodic” potential required for excitation is 


higher, strength and velocity of the impulse smaller than normally (ef. Gasser and 


Erlanger, 1925). The “unblocked stretch” might therefore be smaller in fact than appears 
from the experiments. Under these conditions, the blocking anelectrotonic potential 
required is probably smaller than the exciting catelectrotonic potential. 


At frequencies greater than 4000 per sec., therefore, it is difficult to 
state what the maximum response is, or to employ a constant index of 
response. It may be better to use, from about 500 per sec. upwards, a 
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small threshold deflection as index of constant excitation, and to employ 
a constant fraction of maximal response only for lower frequencies, in 
which the refractory phase is not involved. 


SumMaRY. 


1. The total electric response of medullated nerve to alternating 
current of “high frequency” (above 3000-4000 per sec. at 20°C.) was 
determined. The relation, at any given frequency, between response and 
intensity of stimulus rises at first with increasing intensity, attains a 
maximum, and at higher intensities shows a considerable decrease. 

2. This “inhibition” produced by simultaneous high frequency and 
high intensity occurs only at more than a certain distance (a few milli- 
metres) from the site of stimulation. 

3. The phenomenon is explained by chythmic anelectrotonic block; 
when the impulse produced by a “cathodic” half-wave of the alternating 
current has gone a certain distance, it is cut off by the anelectrotonic 
state produced by the following half-wave. The anelectrotonic blook can 
outrun the impulse. 


Lam greatly indebted to Prof. A. V. Hill for his kind 3 . 
aleo to Mr J. cen ee AO. Downing for their frequent help. 
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THE ACTION OF POTASSIUM ON THE SUPERIOR. 
| CERVICAL GANGLION OF THE CAT. 


By G. L. BROWN xD W. FELDBERG. 
(National Institute for Medical Research, London, N. F. 3.) 


(Received November 22, 1935.) 


In searching for a non-specific stimulant of ganglion cells, Feldberg 
and Vartiainen [1934] found that KCl injected into the perfused 
superior cervical ganglion of the cat had a number of actions, viz. at a 
certain dosage the ganglion was excited to discharge, doses in excess of 
this paralysed conduction through the ganglion, whereas doses in them- 
selves insufficient either to excite or to paralyse produced a potentiation 
of the effects of a series of submaximal preganglionic stimuli. 

In the experiments here recorded, we have examined the effects of 
K+ on the response of the perfused superior cervical ganglion of the cat 
to single preganglionic volleys. The excitant effects of K+, which we 
observed, led us to investigate whether these and other ions liberated 
acetylcholine (ACh.) from the ganglion. The third section of this paper 
is concerned with the paralysing actions of K+. 

It seemed to us of primary importance to determine what effect, if 
any, K+ had upon the conduction through the ganglion of single pre- 
ganglionic volleys, since the potentiating effect produced by a substance 
might be due to one or more of four possible processes: (a) the lowering 
of ganglion-cell threshold, so that previously subthreshold stimuli become 
effective; (b) an alteration in ganglion-cell refractory period and changes 
in the facilitation process involving rapidly succeeding excitations of the 
ganglion cell; (c) the initiation of after discharge of the ganglion; and 
(d) alterations in the amount or the distribution, temporal or spatial, of 
a transmitting substance. 

A study of the relation existing between the K+ content of the per- 
fusion fluid and the appearance of ACh. in the venous effluent of the 
ganglion appeared the more important in view of the known intimate 
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relationship between the nervous impulse and K ions. That the pro- 
pagation of a nervous impulse is, in crabs’ peripheral nerves, associated 
with a mobilization of K+ has been established by Cowan [1934]. 

More relevant to the present experiments are the recent findings of 
Vogt [1936] that the superior cervical ganglion certainly loses K+ during 
excitation of the preganglionic cervical trunk in the dog. In addition 
to this there is already some warrant for the assumption of a relationship 
between K+ and ACh. in peripheral nervous structures; Bez näk [1934] 
has stated that increase in the K“ concentration of the fluid perfusing 
a frog’s heart leads to the appearance of ACh. in the perfusion fluid, 
a result which may have a connection with the old observation of 
Howelland Duke [1908] that vagus stimulation increases the K content 
of the fluid perfusing a dog’s heart. It is not unreasonable to suppose 
that such a concomitant of the nerve impulse as a liberation or mobiliza- 
tion of K ions might be the agent responsible for the discharge of ACh. 
at the terminations of the nerve. On this supposition it could be readily 
conceived that a sudden artificial disturbance of the ionic balance i in a 


perfused — might occasion a discharge of 8880 


METHODS. 


Ganglion perfusion was carried out in the manner previously . 
Feldberg and Gaddum, 1934; Feldberg and Vartiainen, 1934). 
The administration of excess KCl was usually effected by injecting a 
small volume of warmed fluid through the rubber tubing at the nose 
of the cannula, but, in those experiments in which a more prolonged ex- 
posure of the ganglion to a solution rich in K+ was desired, two perfusion 
systems and two cannule were used. One cannula was tied into the 
common carotid artery and the other in the external maxillary artery. 
The change of solution was then conveniently effected by closing off the 
tube to one cannula, washing out the dead space with the fresh solution, 
and then closing the appropriate artery with a clamp applied as closely 
as possible to the ganglion. In those experiments in which the liberation 
of ACh. in the ganglion was investigated, eserine was added to the 
perfusion fluid to make a concentration of 1 in 5 x 10°. 

The conduction of single preganglionic volleys and pairs of volleys 
was first investigated by recording ganglionic action potentials. The un- 
certainty of the effects of K+ on the action potentials led us to attempt 
further analysis by recording the responsive changes in the isometric 
tension of the nictitating membrane. 
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Action potentials. The postganglionic bundle was tied and cut as 
far as possible distal to the ganglion. In a number of experiments, the 
ganglion together with its vessels was removed from the animal as soon 
as ion had been initiated, and the experiment was made with the 
nerve, vessels and ganglion preserved in a warmed vulcanite trough. 
More usually, after perfusion had been started, the animal was removed 
to a warmed, earthed metal box, the inside of which was insulated with 
sheet rubber. It was, of course, necessary to screen not only the pre- 
paration but also the whole perfusion apparatus. All tubes conducting 
the perfusion fluid were carried in earthed flexible metal gas tubing, 
and the perfusion fluid, heating circuit and distance thermometer were 
also screened in a metal box, connected by metal tubes to the screening 
box for the cat. This large extent of earthed metal tubes, connected so 
intimately with the preparation from which the records are taken, 
introduces capacity effects which render stimulus escape a serious 
problem, and the picking up of artefacts from surrounding electrical 
machinery is also a considerable annoyance. 

The lead-off electrodes, Ag-AgCl-Ringer, with yarn wicks, were 
applied, the grid lead to the crushed end of the postganglionic nerve and 
the earthed lead to the middle of the ganglion. A resistance-capacity 
coupled amplifier of the usual type was used, the coupling condensers 
being of such size as to give a deflection falling to half its original value 
in 0-52 sec. when a rectangular current was applied to the input (Fig. 1 A). 
The stimulating electrodes were usually of the same type as those used 
for leading off, since they give less trouble with stimulus escape and the 
drying of the nerve is less than with simple silver chloride coated wires. 

The stimuli were delivered from two induction coils, placed far apart 
and at right angles. The primary and secondary coils were loosely 
coupled and 12 volts reduced by a suitable resistance provided the 
primary current. Break shocks timed by a Lucas pendulum were used. 
Condenser stimulation was abandoned on account of the severe escape 
produced. The KCl solutions were injected in amounts between 0-1 and 
1-0c.c. In order to facilitate the immediate observation of the effects 
of the injection, the syringe was actuated by a Bowden cable which 
passed outside the screening box and enabled the injection to be made 
without upsetting the amplifier. Care was taken to warm the injected 
solution and, by adjustment of the heating current, to maintain the 
temperature of the perfusion as nearly constant as possible. : 

In those experiments in which the response of the nictitating 
membrane to single and double e en was recorded, we 
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used the frictionless torsion myograph as previously described [Brown, 
1934]. 

Ganglion extracts. In the course of the experiments it was found 
necessary to estimate the ACh. content of ganglia. The ganglia were 
cleanly excised from the anesthetized animal, freed from connective 
tissue and wiped dry with filter paper; after rapid weighing they were 
transferred to a small vessel containing 1 c.c. of 10 p. o. trichloroacetic 


A 


Fig. 1. A. Response Of amplifier to rectangular potential applied to input. B. Action 
potential of ganglion after 5 hours’ perfusion. C. Action potential of ganglion with 
intact blood supply. Time 10 msec. The initial deflection, of opposite sign in B and C, 
is the stimulus artefact. 


acid per ganglion and there minced very finely with scissors. The acid 
was allowed to act for 1 hour with occasional shaking, and the suspension 
was then filtered through filter paper. The filtrate was shaken a number 
of times with ether to remove the acid, the reaction was adjusted to 
about pH 4 with HCl and the filtrate was then dried at low pressure and 
at a temperature not exceeding 40°C. The perfectly dry residue was 
taken up with dry alcohol, the pH adjusted and the solution again dried; 
the residue was dissolved in a small volume of distilled water and its 
ACh. content estimated on the frog’s rectus, the leech muscle — 
or the cat’s blood-pressure. | 
PH. LXXXVI. 19 
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Assay of ACh. As a test object for the ACh. content of solutions 
containing excess KCl we used either the dorsal body-wall muscle of 
the leech, sensitized with eserine, or the blood-pressure of the cat. It is 
only possible to use the leech when the fluid tested contains small con- 
centrations of K+, and, in any event, this must be adjusted by dilution 
with a K-free solution to a concentration not higher than that in normal 
Locke’s solution; otherwise, undesirable contractions of the leech are 
produced by the K+ itself, which interfere with the accuracy of the assay. 
In those experiments in which higher concentrations of K+ were used 
than were conveniently brought within physiological limits by dilution 
for testing on the leech, the cat’s blood-pressure, after special preparation 
of the animal, provided almost as sensitive and satisfactory a test as the 
leech. The cats were anssthetized with chloralose (0-08 g. per kg.) early 
in the day and were left untouched for from 2 to 4 hours. Immediately 
before the test was made the circulation was restricted by removal of 
the abdominal viscera, and eserine (0-1-0-15 mg. per kg.) was ad- 
ministered intravenously. With these precautions a good fall of blood- 
pressure may, in exceptional animals, be produced by as little as 0-001y of 
ACh., while a reasonable sensitivity to 0-005y of ACh. is common. 
A disadvantage of the preparation is that the sensitivity of the animal 
to ACh. decays fairly rapidly; and, although it is sensitive to small 
amounts of ACh., its discrimination between different doses is often 
relatively poor. The identity with ACh. of the substance appearing in 
the venous effluent was established by the disappearance of the depressor 
action on the cat after atropine in small doses, by its destruction in 
weak alkali at room temperature, and by its failure to appear when 
eserine was omitted from the perfusion fluid of the ganglion. 


EXPERIMENTAL. 
(1) The effect of potassium on transmission of single preganglionic volleys. 
A. Action potentials of perfused ganglia. 

The perfused ganglion excited by single preganglionic volleys pro- 
duces an action potential which shows, in general, all the features of the 
action potential of the ganglion with natural circulation. The actual value 
of the k. M. r. produced is, however, invariably much less in the perfused 
ganglion, values of about 150 V. being usual as compared with 500 V. in 
the normal ganglion. There is, moreover, a progressive falling off of the 
E. M. v. produced as the experiment proceeds. This reduction in action 
potential appears to be due largely to the short-circuiting of the input 
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by oozing Locke’s solution from the perfusion, and also to the gradually 
developing and inevitable waterlogging of the connective tissue sheath 
of the ganglion. That the reduced action potential is not a result of the 
failure in part of the ganglion to respond, is evident from the fact that 
the response of the nictitating membrane to single preganglionic volleys 
compares very favourably with that occurring in animals in which the 
ganglion has not only a natural circulation, but has not even been 
exposed. Fig. 1 B shows the action potential of a ganglion after 5 hours 
perfusion, compared with that from a ganglion with natural circulation (C). 


Interval between stimuli in msec. 
Fig. 2. Effects of KCl injection on facilitation between two succeeding volleys, 


The compound spike is indicative of fibres of varying conduction velocity. 
It is noteworthy that the perfused ganglion shows, in addition to the 
spikes, the slow negative and positive variations which Eccles [1935 c 
associates with the processes of facilitation and inhibition. 

A few determinations of the absolute refractory period of the ganglion 
have been made which indicate that the refractory period of the fastest 
fibres of the perfused ganglion i is somewhat increased, viz. 5-6 msec. as 
against 2-9-4-7 msec. in the normal ganglion. The perfused ganglion 
shows the processes of facilitation described by Eccles in the ganglion 
with intact blood supply. Fig. 2 shows the time relations and extent of 
the facilitation between two preganglionic volleys. 

19—2 
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Effects of potassium. The effects of injected KCI solution are small 
and transient unless high concentrations are given. In the latter instance, 
the effect is always the complete paralysis of the ganglion and the 
abolition of all action potentials. With small doses, i. e. 0-1-0-8 c.c. of 
a solution containing 1-4 mg. per'c.c. KCl, an increase in the magnitude 
of the spike potential is observed. The largest increase we have seen is 
25 p.c. over the original size. This increase of spike height is only seen 
when the exciting stimuli are very submaximal. Maximal ganglionic 
potentials are never increased by KCl injection. The response of the 
ganglion to stimuli which are nearly maximal gives a clear demonstration 
of this failure to augment the maximal spike; with certain strengths 


the slower waves, whereas the fast waves, due to more excitable fibres 
which are presumably maximally stimulated, remain unchanged. A few 
determinations of the refractory period have been made after KCI in- 
jection, but no significant alterations have been detected. 

We have further studied the effect of KCl on the facilitation between 
two volleys. Both increase (Fig. 2 A) and decrease (Fig. 2 B) have been 
observed, and we have been unable to detect any constant change. 
One fact which renders difficult the interpretation of such effects is that 
any increase in spike height produced by KCl will bring about, pari passu, 
a diminution in the percentage increase in the second of two volleys, 
since the facilitation process depends on the bringing into activity of the 
subliminal fringe of a submaximally excited ganglion. The action of KCl 
in increasing the spike of a submaximal excitation must diminish the 
available increment of subliminally excited cells and consequently 
reduce the measurable facilitation. Fig. 2 shows facilitation curves 
obtained before and after an injection. The danger of attaching im- 
portance to small changes in the facilitation curve is shown by the fact 
that an injection of Locke’s solution into the perfusion fluid produced, 
probably by temperature change, a diminution in the height of the first 
spike and a consequent apparent increase in facilitation. 


B. Response of the nictitating membrane. 


Single volleys set up in the preganglionic cervical sympathetic 
produce, when passing through the perfused ganglion, as in the ganglion 
with intact circulation, single “twitches” of the nictitating membrane. 
Maximal single stimuli may produce tensions of 1-8 g., which is little 
different from the tensions developed when the ganglion has its natural 
— (2 g.). 


of stimuli, KCl injection may cause an increase in the spike height of 
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The main features of the action of KCl conform very closely with 
those obtained with the action-potential records. The effects are best 
seen when two stimuli separated by some 20-100 msec. are applied to 
the preganglionic fibres, provided that the stimuli be submaximal. In 
these circumstances, increases in tension up to 100 p.c were observed 
following injection varying between 5 C. c. of 0-09 p.c. KCl and 0-2 c. c. 
of 0-14 p.c. KCl. Similar but smaller increases in tension in response to 
single volleys were observed. Here again, as with the action potential, 
it is essential that the stimulus be reduced to a low value, stimuli at just 
above the threshold intensity, or about one-fifth maximal, giving the 
best opportunity for showing the KCl potentiation. With single volleys, 
the greatest increase in tension observed was 60 p.c. In a few experiments 
we have determined the summation curve with maximal preganglionic 
volleys in the manner previously described [Bro wn, 1934]. No significant 
alterations were produced by KCl injection. 


(2) Liberation of acetylcholine by ionic changes. 
A. Experiments on normally innervated ganglia. 

The venous effluent at the beginning of the perfusion of a ganglion 
with an eserinized Locke solution often contains some ACh., the con- 
centration being rarely higher than 0-O0ly per c.c. The concentration 
decreases regularly, and ACh. has usually disappeared after less than 
30 min. of perfusion. The use of a solution containing less KCl than the 
usual concentration does not lessen this “spontaneous” initial output. 
We have accordingly allowed the perfusion to proceed until the venous 
outflow was found to contain not more than insignificant traces of ACh., 
before any injections were made. More recent experiments have shown 
that the spontaneous output is probably due to the persistent injury 
discharge of the cut nerve, since it is absent if the nerve is divided some 
two hours before the beginning of the perfusion. 

Potassium and sodium. The effect of a sudden increase in the K+ 
concentration of the perfusion fluid is the appearance of considerable 
quantities of ACh. in the venous outflow. Just detectable amounts are 
already evident, when the K+ concentration of the injected fluid is 
raised to twice the normal. The amount of ACh. increases as higher 
concentrations of KCl are used, until after an injection of 2-5 mg. of 
KCl in 0-5 C. o. of fluid, the next c. c. of venous outflow contains 0-02-0-ly 
of ACh. An additional action of KCl is the production of an intense 
vaso-constriction in the ganglion, which can in part be overcome by 


raising the perfusion pressure. 
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It is evident that such large increases in the salt concentration of the 
perfused fluid must induce a considerable osmotic action on the ganglion, 
but we were able to establish that the effect of KCl was not due to this 
osmotic change. Injections of the same amounts of NaCl have no, or 
at the best a very slight effect. Fig. 3, for instance, shows the assay on 
the cat’s blood-pressure of the venous effluent after the injection of 5 mg. 
of NaCl (A) and of 5 mg. of KCI (B). It will be seen that the NaCl venous 
outflow has only a slight depressor effect, compared with the pronounced 
effect of the KCl sample. So slight and inconstant has the NaCl effect 
been, that we have made no attempt to examine it in detail. In order, 
however, to exclude any osmotic component in the effect of KCl, we have 
so reduced the NaCl in the injected fluid as to make an isotonic solution. 


Fig. 3. Cat chloralose, blood-pressure, Effect of 1 c.c. venous effluent from ganglion. 
A, after 5 mg. NaCl, B, after 5 mg. KCl and C, ACh. 0-025y in 1 o. o. 


Another action of the injected KCl was stimulation of the ganglion, 
as evidenced by the retraction of the nictitating membrane, followed, if 
higher amounts of KCl were injected, by a quick relaxation, due to the 
secondary, paralysing action of potassium. The threshold for the 
stimulating effect of KCl is very near to, if not identical with, the threshold 
for the appearance of ACh. in the venous outflow, but, as will be shown, 
the stimulating effect of KCl cannot be attributed wholly to the ACh. 
which it liberates. 

In addition to injecting small volumes of a solution with a high 
K* content, we have also studied the effects of more prolonged perfusion 
of the ganglion with solutions rich in potassium. Change of the normal 
perfusion fluid for one containing four times the concentration of KCl 
leads to an output of ACh. which continues, with gradual diminution, for 
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20-60 min. Prolonged perfusion with a solution rich in KCl, after a 
preliminary stimulation, paralyses the ganglion to preganglionic impulses 
and to ACh. If the solution now be changed for the normal, complete 
recovery of the ganglion ensues and a subsequent return to a solution 
of high KCl concentration again discharges ACh. 

Caloium. CaCl, does not liberate ACh.; it has, in fact, the effect of 
inhibiting the action of excess K+. In one experiment, for instance, 
5 mg. CaCl, failed to discharge ACh., whereas KCI in the like amount 


A 3. IC ID. gk. gk 
Fig. 4. Contraction of nictitating membrane following injections into perfused ganglion 
of Kt and Cat. Cat blood-pressure—effect of venous effluent collected after corre- 
sponding injections. B, 0-0ly ACh. For details see text. 


caused the output of ACh. in a concentration of 1 in 3 * 107. In Fig. 4 
a series of injections into the ganglion perfusion are shown, each of 
0-5 ¢.c. of solution containing a variety of multiples of the normal K+ 
and Ca“ concentrations. At C, injection KCl 8 x normal caused an output 
of more than 0-0ly ACh. The reduction in ACh. output following the 
addition of CaCl, 4-5 x and 8x the normal to the KCl solution is shown 
at A and D respectively. The injection of KCI x and CaCl, x16 was 
followed by no output whatsoever (E). The persistence of the CaCl, 
depression is shown in the reduced effect of injection of KCl alone at F, 
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13 mins, afterwards, as compared with that of C. It is clear from this 


that although there exists a demonstrable antagonism between K. and 
Cat the preponderance of activity is with the K+. It may be noted that 
the injection of a Ca! free solution containing the normal concentration 
of K+ was without any detectable effect. 

CaCl, has no stimulating action on the ganglion cell and, if given 
together with KCl, it lessens and, in sufficient concentration, abolishes 
the excitant effect of the KCl (Fig. 4 E). CaCl, causes vaso-dilatation in 
the ganglion. 

Cesium. CsCl has only a very weak effect in liberating ACh., even 
if injected in amounts of 20 mg. per c.c. It lacks also the intense vaso- 
constricting action described for KCl. On the other hand, it stimulates 
the ganglion cells, as shown by the retraction of the nictitating membrane. 
This stimulating action is much more prolonged than that caused by KCl 
and does not seem to be followed by a paralysing effect. 

Rubidium. RbCl causes an output of ACh. from the ganglion, though 
the amount liberated seems to be somewhat smaller than that liberated 
by equal doses of KCl. It causes further an intense * 
and stimulation of the ganglion cells. 


B. Experiments on denervated 

There is evidence associating the presence in an organ of a specific 
chemical transmitter with the integrity of the appropriate nerve fibres 
[for literature see Gaddum, 1936], and the data available point to a 
preganglionic origin of the ACh. in the superior cervical ganglion 
[Feldberg and Vartiainen, 1934]. The KCl injection technique 
provides a very suitable method for examining; in a denervated ganglion, 
in which preganglionic stimulation is impossible, not only the excitant 
action of KCl, but also the relation between the integrity of the pre- 
ganglionic fibres and the ACh. output of a stimulated ganglion. 

The cervical sympathetic was divided aseptically under ether 
anesthesia in a number of cats. After an interval of between 3 and 
6 weeks the denervated ganglion was perfused in the usual way and 
KCl injected. In a denervated ganglion such injections produce either 
no detectable ACh. or amounts which are only just detectable (0-001- 
0-0015y). This result is strikingly different from that observed in the 
normal ganglion ; it is explicable on the assumption, either that the ACh. 
of the ganglion is so closely related to the preganglionic fibres that it 
disappears when these degenerate, or that the denervation so changes 
the ganglion that ACh. cannot now be liberated when KCl is injected. 
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Estimation of the ACh. equivalent of extracts of ganglia, innervated 
and denervated, gave an answer to this question. Innervated ganglia 
yielded the high ACh. equivalent 10-20) per g. The variation between 
right and left normal ganglia did not exceed 15 p.c. After denervation 
the ACh. content of the —_ fell to 1-3 per g. Table I gives the ACh. 


I, 
Number of ACh. t in y 
: per g. fresh weight 
together D Method of assay 
3 16 3 
Cat blood. 
2 13 2 
1 12 2 Cet b blood-pressure 
Mean 14 2 


equivalents of the extracts of normal and denervated ganglia. This 
result shows clearly that the high ACh. content of the normally in- 
nervated ganglion is dependent upon the integrity of the preganglionic 
fibres, and elucidates the failure of KCl to liberate ACh. in significant 
amounts from the denervated ganglion. 

The close association between the appearance of ACh. and recordable 
excitation of the ganglion cells in response to KCl, naturally led us to 
suspect that the stimulating action of KCl might be due, not to the ion 
directly, but to the liberated ACh. We found, however, that the de- 
nervated ganglion, in which relatively little ACh. is available for discharge, 
is not measurably less excitable than the normal ganglion by KCl. It 
was not feasible to compare exactly the threshold and response of the 
normal and denervated ganglia, since preganglionic denervation per se 
alters the characteristics of the nictitating response [Hampei, 1935], 
quite apart from any effect which it may have upon the ganglion. Indi- 
vidual ganglia moreover differ in their responsiveness to KCl, to a degree 
greater than any differences we were able to detect between normal and 
denervated ganglia. 

(3) The paralysing action of KCI. 

We have already referred briefly to the paralysing effect of short 
exposure to high concentrations of KCl or prolonged perfusion with 
lower concentrations. 

The paralysing effects of KCl may be contrasted very strongly with 
its persistent action in discharging ACh., when, instead of injecting the 
excess salt, the perfusion fluid is changed entirely for one containing 
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a high K+ concentration. In these circumstances.a small and relatively 
transient contraction of the nictitating membrane occurs, whereas, as 
shown previously, a long lasting output of ACh. ensues. During this 
period there is no response to preganglionic stimulation, although this 
still liberates additional amounts of ACh. At this stage of the paralysis, 
the liberating mechanism is as yet unaffected, whereas the cell is 
paralysed to the effect of ACh. The paralysis produced is analogous to 
that produced by nicotine, eserine [Feldberg and Vartiainen, 1934] 
and curarine [Brown and Feldberg, 1936]. 

If perfusion is further continued a condition is reached in which 
preganglionic stimulation is ineffective in liberating ACh. If, when a 
ganglion has reached this stage, the perfusion fluid is changed for one 
containing the normal KCl concentration, recovery ensues in an exactly 


Fig. 5. Contraction of nictitating membrane. A, maximal preganglionic stimulation from 
A to end of record. B, injection into ganglion of 2-5 mg. KCl in 0-5 c. 0. 


reverse order. At first stimulation produces no ACh. and no effect on 
the nictitating membrane; then, after a passage of some 30 min., renewal 
of stimulation causes ACh. to appear but no contraction of the nictitating 
membrane occurs; and finally, after about 50 min., stimulation of the 
nerve causes contraction of the nictitating membrane and output of 
as normally. 

Although KCl manifests a potent paralysing effect on ganglion cells, 
this paralysing action does not appear to extend to the fine terminal 
filaments of the preganglionic fibres until long after the ganglion cells 
have been seriously affected. This may be conveniently demonstrated 
if such a frequency for preganglionic stimulation is chosen as to cause 


If during such a stimulation a small volume of KCI solution is injected, 
there ensues, after a latency which varies with the velocity of the per- 


a prolonged and maintained contraction of the nictitating membrane. 
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fusion flow, a complete inhibition of the contraction (Fig.5). Nevertheless, 
throughout the continued stimulation, the output of ACh. continues at 
a level as high as during the full contraction of the nictitating membrane. 
If the stimuli are sufficiently submaximal, the inhibition is preceded and 
followed by a small but distinct augmentation of the contraction. 

CaCl, also has the property, when injected during a prolonged 
stimulation, of causing inhibition, the cell being also paralysed to 
injected ACh. The inhibitory effect of CaCl, on the stimulant actions 
of KCl has already been considered (Fig. 4 A, D, E). 


Discussion. 


The experiments here reported show that the . responses 
of the perfused ganglion are little different from those of the normal 
tissue, a finding which is not surprising in view of Eccles’ [1935 ö] 
statement that interruption of the blood supply does not seriously impair 
ganglionic conduction, provided the temperature i is maintained. 

We have shown that excess of K ions in the ganglion increases both 
the action potential and the tension evoked in the nictitating membrane 
by single stimuli, provided that these preganglionic stimuli are sufficiently 
weak to fail to excite the nerve maximally. One explanation consistent 
with the experimental facts is that K ions act by so lowering the cellular 
threshold that cells previously not excited now discharge. Alterations 
in refractory period of ganglion cells and alterations in the transmission 
of succeeding impulses might explain the potentiation which is observed 
with a series of submaximal preganglionic volleys, but this does not 
apply to the effects of single volleys. That the initiation of after discharge 
cannot be invoked in explanation, is demonstrated by the failure of K 
to increase the effects of single mazimal volleys. In this connection 
attention may be drawn to the inadequacy of the electrical record of 
the ganglionic activity as a measure or index of after discharge. The 
large potentials developed by the ganglion on stimulation make the 
detection of the firing of small fibre groups impossible, more especially 
since any such discharge is almost certain to be asynchronous. 

As we have pointed out in the introduction to these experiments, 
Vogt’s [1936] work gives us some reason to assume that excitation of 
the ganglion cell originates a diffusion outwards of K ions. Feldberg 
and Vartiainen [1934] have already suggested that the K ion may be 
responsible for the persistent excitatory condition of the cell following 
the transmission of an impulse. Our finding that an artificially induced 
increase in the K ion concentration around the cell may give rise to a 
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persistent subliminal excitement gives some support to this supposition. 
Eccles [1935 dl, in a recent communication, has found that even anti- 
dromic excitation of the ganglion may produce a persistent subthreshold 
excitatory state of the cell, although inhibition predominates, a further 
reason, in our opinion, for associating the similar effects persisting after 
a preganglionic volley with ionic changes in, or around, the cell. | 

Although we have no direct experimental proof that the excitant 
effects of KCl are entirely dissociated from the ACh. which it liberates, 
the persistence, apparently unchanged, of the stimulant action of KCl 
on the denervated ganglion, in which only insignificant amounts of 
ACh. are liberated, proves that the injected KCl has of itself a strong 
stimulant action on the cell. The stimulation has closely associated with 
it a paralysis of the cell to ACh., and this paralysis may easily interfere 
with the stimulating action of the ACh. liberated by the K ion. This may 
explain the similarity of the responses of the normal and the denervated 
ganglion to KCl. 

We have now evidence to associate not only ACh. but also K ions 
with many of the phenomena of conduction in the superior cervical 
ganglion. Eccles [1935 a] has suggested that the ACh. liberated in a 
ganglion by preganglionic stimulation plays only a subsidiary role, and 
that the actual transmission is by the K ions conveying “‘eddy currents 
set up by the preganglionic impulses. We have been able recently 
[Brown and Feldberg, 1936] to produce direct evidence, which appears 
to exclude such a predominant and direct function of K ions in the 
actual transmission of the impulse across the synapse. Curarine, in 
suitable doses, was found to paralyse the ganglion cell to preganglionic 
stimulation and to ACh. while leaving the cellular response to KCl 
actually enhanced. During curarine paralysis the ACh. output from 
the preganglionic terminals is unaffected. The possibility is not excluded 
that the function of ACh. as the specific transmitter, like its liberation, 
may be conditioned by the appearance of K ions at the synapse; but 
the evidence is against any conception of the K ion as the essential 
transmitter. 

The liberation of ACh. by K ions, as established in these experiments, 
and the probable association of the K ion with the propagated dis- 
turbance in nerve, make the assumption not unreasonable that the wave 
of mobilized K ions accompanying the nerve impulse liberates ACh. at 
the nerve terminals. This ACh. may then be pictured as stimulating the 
ganglion cell to discharge, thus starting, as a separate event, the post- 
ganglionic impulse, which may again be a wave of mobilization of K ions. 


4 
7 
2 
AQ 
* 
2 
ag 
>. 
ws 
* 
* ‘ 
E. 
ae 
& 
4 
ay 
8 
5 
4 
— 
4 
x 
2 


ACTION OF POTASSIUM ON GANGLION. 305 


SuMMARY. 


1. Action-potential records of the perfused superior cervical ganglion 
of the cat show that conduction under these conditions differs little from 
that in the ganglion with normal blood supply. 

2. Small doses of potassium chloride injected into the perfusion fluid 
increase the response of the ganglion to single submaximal preganglionic 
volleys. 

3. Potassium ions liberate acetylcholine from the normally innervated 
ganglion. A similar property is possessed by rubidium and to a very 
weak degree by cesium. Sodium and calcium have not this action. 
Calcium inhibits the liberation of acetylcholine by potassium ions. 

4. The normal ganglion contains 10-20) per g. of acetylcholine. 
After degeneration of the preganglionic fibres the acetylcholine falls to 
1-3y per g. The fall explains the fact that potassium ions liberate only 
_ insignificant amounts of acetylcholine from such a denervated ganglion. 

5. Potassium stimulates the cells of both normal and denervated 
ganglia to discharge. 

6. In large doses, potassium has a paralysing effect on ganglion cells; 
this paralysis does not extend at first to the terminal filaments of the 
preganglionic fibres, acetylcholine being still liberated by preganglionic 
stimuli long after the cells are seriously affected. 


We wish to express our thanks to Sir Henry Dale for his stimulating interest in 
this work. 
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THE LIBERATION OF ACETYLCHOLINE 
BY POTASSIUM. 


By W. FELDBERG! AND J. A. GUIMARAIS»?. 
(From the National Institute for Medical Research, London, V. W. 3.) 


(Received November 22, 1935.) 


Recently Brown and Feldberg [1935-6] have shown that KCl 
liberates acetylcholine (ACh.) from the superior cervical ganglion of the 
cat. The theoretical implication, as regards the mechanism of liberation of 
acetylcholine by nerve impulses, made it desirable to examine this effect 
on other organs. Beznäk [1934] has published a few experiments 
showing that potassium ions liberate acetylcholme from the frog’s 
isolated heart. The organs used in the present research were the sub- 
maxillary gland, the tongue and the sweat glands of the cat. The sub- 
maxillary gland has a cholinergic nerve supply of postganglionic para- 
sympathetic axons from the chorda tympani. The tongue has a double 
cholinergic innervation, from postganglionic parasympathetic fibres to 
the blood vessels in the chorda tympani, and from the motor fibres in 
the hypoglossal to voluntary fibres. The innervation of the sweat glands 
in cats provides an instance of a postganglionic cholinergic nerve supply 
from the true sympathetic system. | 
Mernops. . 
(1) Salivary glands. 

Cats. Babkin, Gibbs and Wolff [1932] have shown that stimu- 
lation of the chorda fibres to the submaxillary glands, normally without 
effect on the arterial blood-pressure, causes a fall of pressure after 
eserine. This fall is abolished by atropine [Feldberg, 1933]; it is due 
to the acetylcholine set free by the stimulation, which, being prevented 
from destruction by eserine, gets into the general circulation. Similarly 
any acetylcholine liberated by KCl from the gland might be expected 
to produce a fall of pressure in the eserinized cat. We have therefore 
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examined the effect on the arterial blood-pressure of small doses of KCl 
injected into the artery of the submaxillary gland before and after 
eserine, and the liability of this effect to paralysis by atropine. 

The cats were anesthetized with chloralose, or the brain was destroyed 
under preliminary ether according to the method described by Burn 
and Dale [1914]. Both vagi and cervical sympathetic nerves were cut 
in the neck, and the arterial blood-pressure was recorded from the 
femoral artery. The cats were eviscerated by removal of the stomach, 
small and large intestine and spleen. On one or both sides the branches 
from the upper part of the common carotid artery were tied, except 
those supplying the submaxillary gland. A short glass cannula was 
tied into the central stump of the lingual artery and closed with a rubber 
tube. The KCl was injected through this tube with a syringe; during the 
injection the carotid artery was clamped below the origin of the lingual 
artery, the clamp being removed as soon as the injection was completed. 
The chorda-lingual nerves were cut, and glass cannule were tied into 
the Wharton’s ducts to observe the effect of the KCI on the secretion 
from both submaxillary glands. 

Dogs. KCl was injected into the submaxillary artery, the venous 
effluent from the gland being collected and tested for acetylcholine. 

The dogs were anesthetized with chloralose; the vagi and chorda- 
lingual nerves were cut. The preparation for the intra-arterial injections 
of KCl was the same as that described for the cat. The venous outflow 
was collected by means of a glass cannula introduced into the superficial 
jugular vein, all branches not originating in the submaxillary gland 
being tied. The blood was made incoagulable by intravenous injection — 
of chlorazol-fast-pink, 1 c.c. per kg. of an 8 p.c. solution of the dye being 
injected. 2 mg. of eserine and 0-2 mg. of atropine per kg. were injected 
20 min. before the KCl injections were made. One effect of the KCl was 
to cause such intense constriction of the vessels of the gland that the 
venous outflow stopped almost completely. To overcome this con- 
striction the KCl injections were followed by an injection of a few c.c. 
of Locke solution. 7-10 mg. KCl per c.c. were injected in a solution 
containing a low NaCl eee or no NaCl, in order to render the 
solution isotonic. 


(2) Perfusion of the cat’s tongue and foot. 
The perfusions were carried out with Locke solution containing 
eserine in a concentration of 1 : 500,000, using a Dale- Schuster pump. 
The preparation and perfusion arrangements were essentially the same 
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as those described by Dale, Feldberg and Vogt [1936] for the tongue, 
and by Dale and Feldberg [1934] for the foot. The arterial cannule 
were short and were connected with the perfusion pump by a rubber 
tube, through which the KCl injections were made with a syringe. 
During the actual injection the tube was clamped on the pump side of 
the point of injection, and the pump was stopped. The potassium was 
injected in an isotonic solution containing a low concentration of NaCl, 
or HONE: (3) Acetylcholine estimation in the venous outflow. 

The acetylcholine was estimated on the eserinized leech muscle and 
the arterial blood-pressure of the cat. The identification was further 
substantiated by showing that the depressor action was abolished by 
atropine, that the active principle was destroyed by alkali, and that the 
acetylcholine equivalents obtained from the same sample on both tests 
corresponded. This detailed pharmacological analysis was not completed 
with the venous fluid from every organ, but in each case more than one 
of the characteristics of acetylcholine were demonstrated. The active 
principle behaved in all details like acetylcholine, and we shall therefore 
refer to it as acetylcholine (=ACh.). 

The high potassium content of the venous effluent complicated its 
assay for ACh. Control experiments with KCl were therefore always 
carried out. In the experiments on the leech the potassium excess was 
eliminated by diluting the venous fluid with KCl-free Locke solution. 


EXPERIMENTAL. 
(1) Salivary glands. | 

Cats. Arterial injections of 4-10 mg. of KCl (in 0-5 c. c. of NaCl-free 
Locke solution) had usually no appreciable effect on the arterial blood- 
pressure of a cat, apart from an occasional small pressor action. If the 
administration of KCl was repeated 20-30 min. after the intravenous 
injection of 0-1-0-2 mg. of eserine per kg., it produced, after a latent 
period of a few seconds, a fall of pressure, which was abolished by 
atropine. This is illustrated by the experiment given in Figs. 1 and 2, 
taken from cats under chloralose. Intravenous injections of the same 
amounts of KCl had no depressor action after eserine. Control injections 


of NaCl were made into the submaxillary artery without causing a fall 


of pressure. 

Brown and Feldberg [1935] have shown that cesium has only a 
very weak effect in liberating ACh. from the superior cervical ganglion. 
In agreement with this finding we obtained, even after eserine, no 
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depressor effect with Cs arterially injected into the gland under con- 
ditions in which KCI produced a pronounced fall of pressure. Fig. 2, 


Fig. I. Cat, 3-3 Kg., chloralose, eviscerated, blood-pressure; arterial injections of 10 mg: KCl 
into submaxillary gland. A before and B after 0-66 mg. of eserine; C after 2 mg. of 


10866 


Fig. 2. Cat, 3-6 kg., chloralose, eviscerated, blood-pressure; 0-7 mg. of eserine 
intravenously. At A arterial injection of 10 mg. KCI; at B of 16 mg. CsCl. 


for instance, shows the effect of arterial injections of 10 mg. KCl (A) 
and 16 mg. CsCl (B) on the arterial blood-pressure of a 3-6 kg. cat under 
chloralose to which 0-7 mg. of eserine has been given. 
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In spinal cats the depressor effect of arterial KCl injections after 
eserine was not regularly obtained, the blood-pressure being usually less 
sensitive to ACh. than that of the cat under chloralose. If the blood- 
pressure responded well to ACh., the depressor action of arterial KCl 
injections after eserine could always be demonstrated even with low 
arterial pressure. In Fig. 3 B, for instance, which is taken from a spinal 
cat, the blood-pressure was only 30mm. Hg. Nevertheless, 4 mg. of KCI, 
injected arterially, produced a slight but definite fall of pressure (B), 
which could be obtained repeatedly. Before the eserine was injected, the 
KCl injections had no depressor action (A). 

The arterial KCl injections had only a slight secretory effect if eserine 
had not been injected; as a rule less than a drop of saliva was secreted, 


Fig. 3. Oat, 3-1 kg., spinal, eviscerated; blood-pressure and salivary secretion. Arteria] 
injection of 4 mg. KC] before (A) and 20 min. after (B) 0-6 mg. of eserine. 


and sometimes no secretion occurred at all. After the intravenous 
injection of eserine the secretory effect of the KCl increased gradually, 
being at its height after 20-30 min., 4-7 drops of saliva being then 
evoked by the KCl injection (see Figs. 2 A and 3 B). 

Dogs. The venous effluent from the salivary gland of a dog, after the 
administration of eserine, but without KCl injection, had no action on 
the eserinized leech muscle or the cat’s blood-pressure; but samples 
collected during and shortly after arterial injection of KCl contained 
recognizable amounts of ACh. (Figs. 4 and 5). 20 mg. of KCl, in 2 c. c., 
had been injected arterially and the venous outflow had been collected. 
Part of the venous effluent was tested in Fig. 4 A in a 10 p. o. dilution 
on the leech muscle, causing a contraction slightly greater than that 
produced by ACh. 1 in 5x 105. The effect of a potassium solution 
similarly diluted, and prepared on the assumption that the injected KCl 
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was completely recovered in the venous outflow, was tested at C. The 
actual potassium concentration of the venous effluent was undoubtedly 
weaker, since there is no reason to believe that all the injected KCl had 
been collected. The venous effluent collected during a control injection 


Fig. 4. Eserinized leech, 10 p.c. venous outflow from dog’s salivary gland collected during 
injection of KCl (A), and Locke’s solution (B). C= KCl control; D=ACh. 1 in 5 x 10°. 


Fig. 5. Cat, 2°5 kg., chloralose, blood-pressure; 1 c.c. venous outflow from dog’s salivary 
gland collected during KCI (C, D, H and J), and Locke’s solution (A and G) injection. 
B=10 mg. KCl; E=1 ¢.c. ACh. 1 in 10°; F 1 c. e. ACh. In 6 x10". Between H 


and J 2 mg. of atropine. 


of Locke solution was tested at B. In Fig. 5 the same samples were 

assayed on the arterial blood-pressure of a cat. The absence of ACh. 

from the fluid collected after a control injection of NaCl into the salivary 

gland, and the lack of effect of KCl alone on the cat’s blood-pressure, 

are shown in Fig. 5 A and B. The sample collected during the KCl 
| 20—2 
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injection into the gland had a strong depressor action (C, D), the effect 
being slightly less than that of ACh. 1 in 5x 107, and being, moreover, 
abolished by atropine (H and J). Under the conditions of the comparison, 
with unknown constituents of the effluent affecting one or the other 
reaction to an unknown degree, the estimates obtained on the leech 
with a tenfold dilution and on the blood-pressure with the undiluted 
fluid show a remarkable conformity. 


(2) Tongue perfusion. 
After the injection of KCl into the lingual arteries the venous effluent 
from the tongue contained ACh. 8 mg. of KCI in 2c.c. already just 


sufficed to produce a distinct effect. If higher amounts of KCl were 


injected, the ACh. concentration of the venous fluid became greater. 
In Fig. 6, 40 mg. of KCl had been injected in 5 c.c. of Locke’s solution 


Fig. 6. Cat, 3 kg., chloralose, eviscerated, blood-pressure; A, B,. D and F=2 c. c. venous 
outflow from cat’s tongue collected during KCl injection. A made alkaline, B made 
acid; C collected before KCl; E and G=2 b. c. ACh. 1 in 10°. Between E and F 2 mg. 

of atropine. 


into the lingual arteries and about 6 c.c. of venous fluid were collected. 
2c.c. of this sample were injected at D into the cat, causing a fall of 
pressure slightly greater than that produced by 0-02 of ACh. (E). The 
depressor effects of the venous fluid (F) and of ACh. (G) were completely 
abolished by 2 mg. atropine. At C a control injection of 2 c. c. of venous 
outflow, collected before the KCl was injected, was tested; it had no 
depressor effect. A sample collected during another injection of KCl 
into the tongue was divided into two parts, one part being made alkaline 
by the addition of 0-2.c.c. N/10 NaOH per c.c., the other being made 


acid by the addition of 0-2 C. 0. N/10 HCl per c. o.; both samples were 
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kept at room temperature for 20 min., then neutralized and injected at 
A and B. The depressor action of the sample kept in alkali (A) was 
abolished, whereas the acidified portion (B) had retained its depressor 
action. 

It is possible that the rich cholinergic parasympathetic nerve supply 
from the chorda tympani to the arteries and mucous glands of the tongue 
accounts for most of the effects demonstrated in this organ; it is also 
probable, however, that the motor innervation to the voluntary muscle 
fibres is responsible for some contribution to the total amount of ACh. 
liberated in response to KCl. 


(3) Sweat glands, 
The difficulty we encountered in these experiments was that the 
concentration of ACh. in the venous outflow was too low to allow 
dilution for testing, and the potassium concentration of the outflow was 


Fig. 7. Cat, 3-8 kg., chloralose, eviscerated, 0-4 mg. eserine intravenously, blood-pressure ; 
1 e. o. venous outflow from cat’s foot collected during (B and D) and before (A) KCl 
injection. O and E, 10 mg. KCl; F and G, 20 mg. KCl. Between C and D, 1-5 mg. of 
atropine; between F and G suprarenals excised. 


itself often high enough to upset the test. N 5 we have been 
able in several experiments to show that the venous effluent, collected 
during and shortly after potassium injections, had a depressor action on 
the eviscerated eserinized cat, which did not react, or reacted differently, 
to corresponding doses of KCl. The depressor action corresponded to 
that of a solution of ACh. 1 in 2 to 4.x 108, and was abolished by atropine 
(see Fig. 7). 

We might mention in this connection that intravenous injections of only 10-15 mg. of 
KCl often cause a rise of the blood-pressure of the eviscerated, eserinized cat, due entirely 
to an output of adrenaline from the suprarenals. This is illustrated by Fig. 7. This output 


of adrenaline in response to KCI is due to a direct action on the suprarenal medulla. In 
C F.), in collaboration with G. L. Brown, it oould 
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be shown that by injections into the central stump of the ceeliac artery of an eviscerated 
cat, the vena cava and the abdominal aorta being tied below the suprarenals, even 1-5-2 mg. 
of KCl caused an output of adrenaline, as shown by the rise of blood-pressure, whereas 
intravenous injections of these amounts of KCI were ineffective. The output of adrenaline 
was not abolished by intravenous injection of large paralysing doses of nicotine (20-30 mg.), 
but only slightly reduced. 

We have not made control experiments in which the sweat glands were 
excluded from the perfusion by ligation of the pads, as we were unable 
to demonstrate the liberation of ACh. with regularity. It is therefore 
not certain whether the acetylcholine found in the venous outflow of the 
foot arises entirely or only in part from the sweat glands, and in sta 
from other — —_ as striated muscles. 


Discussion. 


Brown and Feldberg have shown that KCl causes liberation of 
acetylcholine at ganglionic synapses. In our experiments the action has 
been on organs containing peripheral endings of postganglionic fibres. 
In some cases the motor endings in voluntary muscle may also have 
been concerned. This apparently general action of KCl, in tissues 
possessing a cholinergic innervation, lends support to the suggestion, 
made by Brown and Feldberg, that the discharge of acetylcholine 
may be effected by the K ions mobilized in the passage of the nerve 
impulse. No experiments have yet been made to test whether the 
chemical transmitter of adrenergic impulses is also liberated by potassium. 


SuMMARY. 


It has been shown that KCl injected into the arterial blood supply 
liberates acetylcholine from various organs (salivary glands, tongue, 
sweat glands). 


We wish to make grateful acknowledgment of our debt to the Medical Research Council 
for hospitality and to Sir Henry Dale for help and advice. 
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THE EFFECT OF DIETS LOW IN CHOLINE. 


By C. H. BEST, M. ELINOR HUNTSMAN MAWSON, 
E. W. McHENRY anv JESSIE H. RIDOUT. 


(From the Department of Physiology and the School of Hygiene, 
University of Toronto.) 


(Recewed December 6, 1935.) 


In a preliminary communication [1935] we have reported that diets 
deficient in choline and other lipotropic factors produce an accumulation 
of fat in the livers of white rats. The diet has, in some cases, contained 
40 p.c. of fat, in others 20 p.c., but the effect may be observed even when 
the amount of ingested fat is well below the quantity usually provided in 
an adequate diet. The administration of choline always prevents the de- 
position of liver fat, and under certain conditions it appears to act 
favourably on the gain in weight of the animals. The results also suggest 
that choline may improve the “general condition” of the rats, but for 
reasons which will be stated later an adequate discussion of this matter 
must await the results of certain further investigations. 

In this paper we propose to report the results of several further 
experiments which confirm and extend the preliminary findings. 


METHODS. 


Since the procedures used in the care of animals and for the fat estima- 
tions have been described in detail previously, very little need be added 
here. In some of the present experiments the direct saponification pro- 
cedure has been used to estimate liver fat, while in other cases the ether- 
soluble material has been saponified and the amount of the components 
determined separately. Descriptions of the diets used, and of other 
essential details, are given below. 


EXPERIMENTAL RESULTS AND COMMENTS. 
In the first experiment forty young rats, average weight 65 g., were 
placed on a diet rich in fat (40 p.c.) and relatively low in choline. Choline 
was added to the diet of half the animals. The duration of the experiment 
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No. of in wt fatty acids Mortality Choline — 
rats surviving g. p. o. p. o. (mg. daily) 
15 +25 22-1 25 — 
20 +61 5-9 0 50 


Diet: casein 15-2, egg white 7:5, beef dripping 40, corn starch 37-5 parts in 100. 

Vitamins A, D, B, and E emg 

Duration of experiment 60 days. 

The choline content of the various articles of diet is given in a recent paper (Fletcher, 
Best and Solandt, 1935]. 
was 2 months, The diet and the significant results are described in Table I. 
It will be observed that the liver fat had attained a very high level in the 
animals which did not receive the added choline, while in those that did 
the livers were only slightly fatty. The choline-fed series gained more 
weight than the others and appeared to be in better condition at the end 
of the experiment. Five of the animals in the group which did not receive 
choline did not survive; this may or may not be of significance. 

In the second experiment young rats (average weight 58 g.) were also 
used, but in this case the fat content of the diet was about 16 p.c. instead 
of the 40 used in the first experiment. The rats were divided into four 
groups. Two of these, twenty-five males in one and twenty-five females in 
the other, received choline. The experiment was continued for 45 days. 
The effect of choline on the glyceride fraction of the liver fat is very 
definite (Table II), and it will be noted that there is a difference in the 


Taste II. 
In the liver, p.c. 
v — 
No. of in wt a Ester Glyceride Choline 
rats 8 ö Free oleate Lecithine (triolein) (mg. daily) 
25° —1˙8 15-30 0-24 0-70 3-09 13-41 . — 
25* +58 3-14 0-22 0-08 3 0-82 45 
+10-4 18-23 0-22 0-66 3-01 16-55 — 
＋6˙6 2˙83 0-22 0-06 3-78. 0-17 45 
331 3.67 0% Stock diet 
* Female. ft Male. 


Vitamins A, D and B, provided. 

Duration of experiment 45 days. ; 
cholesterol esters. The significance of the very slight increase in the leci- 
thine content of the livers of the choline-fed animals is debatable, and it 
will not be discussed further at the present time. It will be observed that 


_ choline has not caused any definite effect on the rate of gain in weight of 
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these animals. This may be related to the low fat content of the diet used 
in this experiment. Figures are also given for the liver lipoids of rats which 
had been reared on our stock diet of mixed grains. 

In the third experiment older rats (av. wt. 190 g.) were placed upon a 
diet low in choline and rich in fat (40 p.c.). The significant results, which 
are in general similar to those described in Table I, are given in Table III. 


Taste III. 
Av. change Av. Liver: total 
No. of in wt. food — 4 fatty acids Mortality Choline 
rats g. g. p. o. p.c. [mg. daily) 
7 — 28 9-2 19-7 30 — 
(11-5-25-6) 
10 +21 9-0 5-9 0 18-4 
(4-0-7-4) 


beak dripping 40, onlt mixture 4-6, agar 
in 


* 

While the effect of choline on the liver lipoids is the outstanding one, the 
rats which received choline did gain more weight, and their condition, 
i. e. apparent strength, activity, posture, etc., was definitely better at the 
end of the experiment than was that of the controls. 

In the course of various experiments which have been conducted in 
these departments during the last year we have frequently noted a rapid 
accumulation of fat in the liver when animals are placed on a diet low in 
choline and not excessively rich in fat. In the fourth experiment of this 
series twenty animals, average weight 204g., were maintained for 
3 weeks upon such a diet. The liver lipoids were fractionated, and the 


Tass IV. 
In the liver, p. o. 
Av. daily Cholesterol 
Av. change food Total 


No. of in wt. intake Ester as Glyceride 
rats g. g. Free oleate Lecithine (triolein) 
1 +4 8-4 12-29 0-24 0-51 2-29 10-94 


Lorisoo! 20-0, sucrose 58:3, salt mixture 48, agar 1-9 
Vitamins A, D and vided. 
Duration days. 
results are N in Table IV. As in other 1 vitamin prepara- 
tions (A, D, Bi) were provided; egg white was included in the diet to 
contribute vitamin B,. This experiment may be considered as repre- 
sentative of many similar ones which have been carried out in these 


departments. 
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It may be stated here also that a definite increase in the liver lipoids 
may be observed when animals are placed on a diet low in choline and 
other lipotropic factors, when the only fat content in the diet is provided 
by the dietary protein and the vitamin preparations. The fat content of 
these diets is not usually greater than 1 p.c. Very brief reference may be 
made to one experiment of this type. Eight rats, average weight 180 g., 
were placed on a diet low in choline and in fat. It consisted of casein 
(washed with alcohol and ether) 12-4 p.c., egg white 2°3 p. c., sucrose 
82 p.c., vitamins A, D and B, and inorganic salts. This diet is, of course, 
highly abnormal and the rate of weight loss is rapid but it produces, as 
does an exclusively sucrose ration [Best and Huntsman, 1935], a 
deposition of liver fat. Experiments of this type are valuable in that the 
source of the fat which accumulates in the liver is more definitely limited 
under these conditions. The small amount of fat provided in the food 
would not be expected to exert any effect on liver lipoids. In the experi- 
ment referred to above the average amount of fat in the liver at the end of 
42 days was 14-1 p.c. This diet provided approximately 0-08 mg. of 
choline per rat daily. No increase in liver fat is produced by an amount of 
our usual stock diet (containing approximately 8-0 mg. choline in the 
daily ration) which provided the same caloric intake as did = ration 
poor in choline and fat. 

It has been stated elsewhere [Best, Huntsman and Ridout, 1935] 
that 1 mg. of choline per rat daily may produce a definite effect. This 
amount of choline has apparently inhibited the rise in liver fat which is 
consistently observed when rats on a mixed grain diet rich in fat are 
transferred to one which is completely free of choline and other lipotropic 
factors (sucrose only). In our opinion, however, no great significance can 
be attached to the apparent minimum effective dose of choline under a 
particular set of experimental conditions, It will probably vary from one 
group of animals to another, even when the experimental conditions are 
thought to be identical. It is probably safe to assume that if a diet 
provides less than 0-1 mg. of choline daily, any lipotropic effect exerted is 
attributable to other factors. In the fifth experiment of this series, which 
was conducted with the help of Miss Rhoda Grant, evidence is presented 
that the minimum effective dose of choline under these particular experi- 
mental conditions is less than 3 mg. daily. Twenty animals were used in 
each group, and doses as high as 12 mg. daily were used in one series. The 
effect on the liver lipoids is again quite definite (Table V), and the figures 
for the gain in weight suggest that choline has exerted a favourable effect 

during the 21-day period. 
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Taste V. The minimum dose of choline affecting liver fat. 
apt Av. vt. liver: total 


No. of of liver fatty acids § Choline 
rats oe g. P. o. (mg. daily) 
20 -4 8˙7 18-4 — 
(7412.9) (10-0-27-8) 
20 ~2 8-7 8-3 12-7 
(5-8-14-1) (5-9-23-7) 
20 +4 92 8-2 8-6 
(6-7-11-2) (4-8~13-2) 
20 44 88 7˙8 6-3 
| (5˙3-10·0) (43-107) 
20 +9 8-6 74 5-1 12 


(5-4-9-3) (3-8-6-7) 
Diet: casein 10, egg white 5, sucrose 30, beef dripping 40, salt 4, “cellu” flour 10 parts 


in 100. 
of experiment 


Discussion. 


These results, fully supported by those of many other experiments 
carried out more recently, establish the fact that diets deficient in choline 
and other lipotropic factors result in an extensive accumulation of fat in 
the livers of white rats. When the fat content of the diet is excessive 
(40 p.c.) choline appears to exert a favourable effect on the rate of gain in 
weight. One aspect of this subject, the complemental effect of choline and 
vitamin Bi, has been investigated by one of us [E. W. McH.], and the re- 
sultsof his study are in the press. In that paper Mc Henry has emphasized 
the similarity between the symptoms of vitamin B, deficiency and those 
shown by rats on the diets containing very little choline. It is obvious 
that if, as we believe, choline and other substances with similar effects on 
liver fat may be considered accessory food factors that there are many 
further problems in this field to be investigated. Since diets containing 
casein, which is the only dietary protein which has been extensively 
used in our work, in amounts adequate for optimum growth of young rats 
also provide an appreciable quantity of lipotropic factors, it will be 
appreciated that a ration completely satisfactory in other respects but 
free from substances like choline in their action is not at present available 
[Best and Channon, 1935]. The chief lipotropic factor associated with 
the casein we have used is not choline, and nothing is yet known of its 
chemical constitution. As we have suggested previously one possibility is 
that certain of the amino acids are the precursors of the lipotropic factor. 
The effect of various amino acids on deposition of liver fat is being in- 
vestigated in Prof. Channon’s laboratory, and the results of this study 


* 
* 
* 
if 
‘ 
5 
« 
Ae 
= 
* 
i 
t 
2 
Pe. 
K 
7 * 
; 
N. 
27 
«a 
* 
. 
V. 
E= ** 
* 
4 
4 
We 
& 
$; 
2 
ag 
5 * 
7 
* 
wt 
* 
E. 
\4 * 
* 
B. 
og 
2 
* 
: 
¥ 
a 
5 * 
8 
* 
* 


320 C. H. BEST AND OTHERS. 


will tell us whether or not those essential for growth produce any lipo- 
tropic effect. It may be stated here that gelatin apparently contains no 
lipotropic factors, but it is, of course, deficient in certain of the essential 
amino acids. The present situation may be stated in another way, thus: 
diets which have been shown to be extremely poor in lipotropic factors are 
not adequate even when choline is supplied. This is the reason that we 


have not discussed in detail the effects of choline on the condition of the 


animals. The situation will be quite different if the lipotropic factor 
associated with casein should prove to be a contaminant. 

The minimum dose of choline which affects liver fat depends upon the 
experimental conditions. If the diet contains fair amounts of choline and 
other lipotropic factors, a much larger dose of added choline is required to 
produce a demonstrable change than when the lipotropic factors in the 
diet are maintained at a minimum value. Furthermore, when very large 
amounts of fat are ingested relatively large doses of choline are required 
to prevent the deposition of excessive amounts in the liver. While huge 
doses of choline may inhibit the deposition of fat in the liver during 
starvation [Best, 1934] moderate amounts have no effect. The fatty liver 
of starvation is, therefore, not due to the absence of dietary choline. 
Choline has no obvious effect on the deposition of fat produced by anterior 
pituitary extracts [Best and Campbell]. These results probably indicate 
that the rate at which fat is presented to the liver cells is an important 
factor in determining the amount of choline which will produce an 
appreciable effect. If this rate is much greater than the liver cells can 
deal with, even when optimum amounts of choline are available, the pro- 
vision of choline could not be expected to produce an easily detectable 
change in the rate of accumulation. Since the effect of choline is demon- 
_ strable when rats are fed exclusively on fat this line of reasoning suggests 

that the rate at which fat is presented to the liver in starvation or under 
the influence of anterior pituitary extracts is much greater in this species 
than that which can be accomplished by dietary means. It is assumed, in 
this speculation, that there is no interference with the activity of liver 
cells in starvation or under the influence of the pituitary extracts. In 
phosphorus poisoning [Best, MacLean and Ridout, 1935] there is inter- 
ference with liver function, and this factor in addition to that of starva- 
tion accounts for the fact that choline has no effect until the liver cells 
have partially recovered from the effects of phosphorus and the animals 
have begun to eat. : 

There are several results of the experiments on depancreatized dogs 
and normal rats which suggest that the primary effect of diets low in 


“he 
72 
7 
, 
* 
4 
2 
2 
= 
4 
j 
4 
A 
¢ 
y 
ay 
* 
4 
* 
\ 
k 7 
> * 
7 
J 
* 
ee 


EFFECT OF DIETS LOW IN CHOLINE. 321 


choline is not on fat metabolism specifically but on the activity of liver 
cells in general. Decreased sugar excretion in diabetic animals receiving 
constant amounts of insulin and the diet low in choline has been fre- 
quently observed before any excessive deposition of fat in the liver has 
taken place [Best, Huntsman and Young, 1935]. In some of 
McHenry’s experiments referred to above, the favourable effect of 
choline on gain in weight was observed in animals in which no significant 
change had been produced in liver fat. Furthermore, in experiments on 
the O consumption of liver slices [Welch, Irving and Best, 1935] the 
rate of O, uptake by the slices of the livers from the rats on the diet low in 
choline was appreciably less than that of the normal liver slices. The 
decrease in O, uptake is much greater than that which could be accounted 
for by the dilution of the active protoplasm by fat. 

While it is obvious that these points do not prove that the presence of 
choline and the other lipotropic factors is essential for functions of liver 
cells other than those related to fat metabolism, this possibility is very 
definitely raised and we have adopted it as one of our “working hypo- 
theses”. On this hypothesis the accumulation of fat in the liver of 
animals receiving a diet with normal fat content would be the first 
obvious sign of reduced ability of the liver cells to perform their functions. 
The adoption of this broader hypothesis will force us to investigate other 
functions of the liver and the effect on these functions of diets free from 
choline and as low as possible in other lipotropic factors. The results of 
these studies should indicate whether or not the broader hypothesis is 
likely to be more productive than the narrower one, which we have by no 
means abandoned, i.e. that choline exerts its effects specifically on fat 
metabolism. Using either of these hypotheses it is necessary to assume 
that fat must be dealt with in some manner by the liver cells. It is, of 
course, entirely possible that the ability of liver cells to metabolize fat is a 
fundamental property which is inseparably connected with all the other 
activities of these cells. 


SUMMARY AND CONCLUSIONS. 


Further evidence is presented that diets low in choline and other lipo- 
tropic factors result in the deposition of large amounts of neutral fat in 
the livers of white rats. There is also a small increase in the cholesterol 
ester fraction. The accumulation of glyceride is greatest when there are 
large amounts of fat in the diet, but it is also observed when there is less 
than the usual amount. The addition of choline to the diet inhibits the 
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deposition of fat in the liver and the minimum effective dose of the base 
is less than 3 mg. per rat daily. When diets rich m fat are provided, 
choline appears to exert a favourable effect on the rate of gain in weight 
and general physical condition of the animals. The bearing of these 
results on the hypothesis that choline and other lipotropic factors are 
essential for certain liver functions is discussed. 
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GONADOTROPIC ACTIVITY OF THE PITUITARIES 
OF VITAMIN E DEFICIENT RATS. 


By I. W. ROWLANDS AND E. SINGER. 


(From the National Institute for Medical Research and the Department 
of Physiology and Biochemistry, University College, London.) 


(Recewed December 9, 1935.) 


Our rapidly increasing knowledge of the part played by hormones in the 
reproductive processes has naturally led to speculation as to whether the 
remarkable breakdown in the pregnancy mechanism found in rats on 
diets deficient in vitamin E could be due to disturbance of the endocrine 
system. Investigation on these lines, however, has not produced any very 
positive results. As regards the pituitary, Nelson [1933] found that, 
histologically, the pituitaries of males deficient in vitamin E tended to 
show castration changes, but that those of the females were normal for 
the stage of cycle at the time of killing. Used as fresh implants on young 
rats, the pituitaries from the males were found to be intermediate in 
activity between those of normal and those of castrated animals. The 
glands of the females showed normal activity. Further, it has been shown © 
that administration of anterior pituitary extract or urine of pregnancy 
extracts does not prevent the characteristic resorption of the foetuses 
[Diakov and Krizenecky, 19336; Geller, 1933]. One of us (E. S.) has 
independently confirmed this observation. Five E-deficient female rats 
were injected daily for 20 days throughout gestation with 1-0 mg. anterior 
pituitary extract in 0-5 C. c. saline. All pregnancies ended in typical 
E-deficient resorptions. Verzär's [1931] statement that vitamin E con- 
centrates themselves possess gonadotropic properties has not been con- 
firmed [Diakov and Krizenecky, 1933a]. As regards the ovary, both 
Nelson [1931] and Geller [1933] were unable to prevent the breakdown 
of pregnancy on E-deficient diets by the administration of active corpus 
luteum extracts. | 

In spite of this unpromising record, it seemed worth while to repeat 
Nelson's biological assay of E-free pituitaries, using a different test 
animal. It is known that assay of gonadotropic extracts on the cestrous 
rabbit gives results different from those obtained on immature rats. 
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TECHNIQUE. 
Diet. 
Rats at weaning were put on an E-deficient diet (Table I) for 3 months, 


after which deficiency was complete, as shown by resorbed gestations. 
Rats in the pregnancy group were mated with males of known fertility, 


vaginal smears being made daily. 
Taste I. 
Casein 255 18 
Rice starch 49 
Lard 12 
Least 
mixture 5 
Cod - liver oil 2 
100 
[Evans and Burr, 1927, modified.] 
Collection of pituitaries. 


The whole pituitaries were removed from the animals immediately 
after death and put into acetone to desiccate for 24 hours. After drying, 
they were ground up finely and injected intravenously in aqueous 
suspension. 

Assay on cestrous rabbits was carried out as described by Hill, 
Parkes and White [1934]. After the necessary preliminary tests of the 
material, a group of ten rabbits was injected with a dose calculated to 
cause ovulation in about 50 p.c. of the group. The weight of the unit was 
then calculated from the curve given by these authors. In the case of 
E-free non-pregnant pituitaries, material was available for a series of 
determinations, the figure given in Table I being an average value, as 
well as for an assay of the activity of pituitaries of rats from two different 
age groups: 3-4 months and 12-16 months. In the case of the E-free, 
16-day pregnant animals, material was not available for testing on a 
complete group of rabbits, while with the E-free, 7-day pregnant rats, 
only preliminary tests could be made. 

In addition, some work was carried out on a seventh category—non- 
pregnant animals recovered and fertile on a normal diet after a prolonged 
period of vitamin E deficiency and sterility. 


EXPERIMENTAL RESULTS. 


In Table II are shown the results of the assays of three types of normal 
pituitaries and the corresponding experimental material. It will be seen 
that the observed amount of gonadotropic material in the pituitaries of 
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Tama II. 


of rats obtained stance (mg.) ped a per ae 
y pregnan 10 1000 
16-day 21 38 1-7 590 
E deficient: 
Non-pregnant 64 103 2-35 
7-day pregnant 14 19 <2 2500 
16-day pregnant 17 500 
(resorbing) 
non-pregnant 12 18 0-8 1250 


9 Seven rabbits only in this group, four of which ovulated. 


the non-pregnant E-deficient rats was only about one-half that found in 
normal non-pregnant rats. This latter figure agrees well with that found 
for normal rats by Hil1[1934], and in view of the large number of pituitaries 
obtained of this type, there can be little doubt that deficiency of vitamin E 
causes a marked decrease in the amount of ovulation-producing sub- 
stance in the pituitary of the non-pregnant rat, a decrease which does not 
become more marked by prolonging the period of E-deficient feeding. The 
pituitaries collected from normal and deficient rats at two different 
stages of pregnancy suggested a similar deficiency, although in these a 
complete assay of the deficient pituitaries was not obtained. An excellent 
result was obtained on animals that had recovered from vitamin E 
deficiency ; their pituitaries were slightly more potent than normal in their 
power to induce ovulation in the estrous rabbit. The increased potency, 
if significant, may have been due to the high vitamin E intake during 
the curative period. 


Discussion. 


The results recorded above are contrary to 3 of Nelson [1933]. 
Nelson used young rats as test animals, so that the discrepancy is 
apparently due to the difference in test animal. Since the response of the 
ovary in young rats depends firstly on the power of the extract to cause 
follicular growth, whereas ovulation in the rabbit depends on the presence 
of the luteinizing substance, or even on the presence of a third gonado- 
tropio principle, it may be concluded that vitamin E deficiency causes a 
decrease in the luteinizing or third substance in the pituitary, without 
decreasing the amount of the substance which stimulates the follicle. The 
possibility that this pituitary deficiency has some — on the fetal 
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resorption occurring in vitamin-E deficient rats cannot be excluded. It 
must be remembered, however, that a decreased content does not 
necessarily mean a decreased output, and since the administration of 
anterior lobe extract does not prevent resorption, it would not appear 
likely that pituitary deficiency is the primary cause of fœtal resorption in 
avitaminosis E. The observation of Selye, Collip and Thomson [1933], | 
that hypophysectomy in the second half of pregnancy does not cause 
premature atrophy of the corpora lutea, explains the normality of the 
corpora lutea in these E-free rats whose pituitaries were apparently 
deficient. This in turn suggests that placental deficiency is not a con- 
tributing factor to the resorption. 


SuMMARY. 


Vitamin E deficiency causes a definite decrease in the capacity of the 
pituitary body of the non-pregnant rat to cause ovulation in the oestrous 
rabbit, and, therefore, presumably a decrease in the content of luteinizing 
or ovulation-producing substance. A similar condition seems to occur in 
early pregnancy. The possible relation of this deficiency to the fctal 
resorption which takes place in rats deficient in vitamin E is discussed. 
Deficient rats which had subsequently recovered on a normal diet were 
found to have a normal amount of gonadotropic substance in the 
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THE OCCURRENCE OF OVULATION AND PSEUDO- 
PREGNANCY IN THE RABBIT AS A RESULT 
OF CENTRAL NERVOUS STIMULATION. 


By F. H. A. MARSHALL AND E. B. VERNEY. 


(From the School of Agriculture and the Pharmacological a 
Cambridge.) 


- (Received December 20, 1935.) 


In the rabbit, as was first shown by Heape [1905], ovulation does not 
occur normally excepting after coitus. It may, however, take place as a 
result of an orgasm without coitus as when two doe rabbits on heat “jump”’ 
one another [Hammond and Marshall, 1914], or in consequence of a 
mechanical stimulus artificially applied [Hammond, 1925; Bishop, 
1933]. The actual process has been observed in anesthetized animals by 
Walton and Hammond [1928], who have described the follicles as 
forming little pimple-like protuberances, the fluid contents of which ooze 
out, after the manner of a boil, about 10 hours after the orgasm, The 
corpus luteum is then formed, and if the ova are not fertilized the uterus 
undergoes the hypertrophic changes characteristic of pseudopregnancy, 
and the mammary glands develop, as first described by Ancel and 
Bouin [1910]. Pseudopregnancy lasts for about 16 days or about half 
the time of gestation, and is followed by a breaking down of the mammary 
- glands resulting in the secretion of milk. In pseudopregnancy, however, 
the glands do not undergo the complete thickening characteristic of 
gestation. 

It has been shown by Bellerby [1929] and independently by Fried- 
man [19295] that ovulation may also be induced by injecting extract of 
anterior pituitary or urine of pregnancy, the follicular rupture according 
to Bellerby taking place about 11} hours after making the injection. 
This observation has been confirmed by various other investigators [Hill 
and Parkes; 1931; Aschheim, 1933], and it has also been noticed that 
in some cases, more particularly after injecting urine of pregnancy, he- 
morrhagie follicles without rupture are formed instead of corpora lutea. 
21—2 
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Whether or not there is a special “ovulating hormone” produced by 
the anterior pituitary is still undetermined, but the fact that urine of 
pregnancy is almost or quite as effective in causing ovulation as is 
pituitary extract seems rather to be evidence of such a view. 

Now Battelli [1922] was the first to show that in the male guinea- 
pig electric stimulation through the brain resulted in seminal ejaculation, 
the secretion of the prostate and vesicula seminales forming a coagulum 
as with the normal ejaculation produced by coitus. Moore and Gal- 
lagher 11929] confirmed these experiments, and extended them to 
castrated guinea-pigs previously injected with testicular hormone, and 
more recently Gunn [1934] and Hammond and Walton [1935] have 
obtained similar results employing lumbar stimulation with normal 
rams, the animals showing what were apparently typical orgasms. 

Since, therefore, an orgasm, or a condition similar to it, can be pro- 
duced in a male animal by electrical stimulation of the central nervous 
system, it occurred to us that it might be possible by like stimulation in 
an oestrous female to induce an analogous state and so bring about 
ovulation. The supposition proved to be correct, for excepting in a few 
initial experiments in which the stimulation was apparently not suffi- 
ciently strong, or in which the animals were found post-mortem either 
pregnant or not to have been on heat at the time of the stimulus, in nearly 
every case ovulation was found to follow. Ten positive results with 
ovulation were obtained in this way, and in three instances the follicles, 

instead of rupturing, became hemorrhagic (see Table I), 


METHODS AND RESULTS. 


The experiments were for the most part identical and differed only in 
detail. The rabbit was put to sleep with ether and stimulation was 
effected by an alternating current (30 volts, 50 cycles) for 3 sec., followed 
by an interval of 7 sec. before a second stimulus was given. The process 
was repeated an hour later. The stimulus produced during the period of its 
application a generalized convulsion of the epileptic type accompanied by 
profound bradycardia or even cardiac arrest. In seven experiments 
stimulation was through the brain, one electrode, covered by a salined 
pad, being placed in the mouth, and the other, a needle, being pushed 
through the skin of the nape just behind the foramen magnum. In 
another set of nine experiments stimulation was through the lumbar 
part of the cord, one electrode—ebonite covered with a smooth brass 
head—being placed in the rectum, and the other—a hypodermic needle 
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—being inserted through the skin over the lumbar vertebra. Most of the 
animals were killed at 23-25 hours after the initial stimulation, and, as 
already indicated, ovulation had by that time occurred. From super- 
ficial observation it was obvious that this was very recent, and in two 
cases it had apparently only just taken place. The ovaries and other 
generative organs were preserved. In two cases sections which were 
cut through the discharged follicles showed the point of rupture to be 
widely open, and the follicles were similar to the 6- and 7-hour stages in the 
development of the corpus luteum as described by Hammond and 
Marshall, indicating that ovulation had taken place 6 or 7 hours 
previously. In one of these experiments stimulation was cerebral, in the 
other spinal. The general results of the complete series (see Table I) show 
that after electrical stimulation in the rabbit in the way described, 
ovulation takes place from 17 to 24 hours subsequently, or after an 
interval from 7 to 14 hours longer than the period which normally elapses 
between coitus and ovulation. 

Four of the rabbits were stimulated in the manner described and 
instead of being killed the next day were kept alive for a longer period, 
two being killed after 7 days and two after 14 days. The two which were 
killed after 7 days (one having had a cerebral stimulus and the other a 
spinal stimulus) showed the typical pseudopregnant degree of development 
of the corpora lutea, uterus and mammary glands characteristic of this 
stage. The corpora lutea had not yet begun to show any regression, the 
uterus was hypertrophied with the usual marked development of the 
glands and folding of the mucous membrane (Fig. 1) together with 
the characteristic hyperemia, and the mammary glands presented the 
clearly marked thickening typical of this stage and were without any 
signs of secretion. Of the two rabbits which were killed 14 days after the 
stimulation, the one which had a cerebral stimulus showed all the charac- 
teristics of the close of pseudopregnancy. The corpora lutea had only 
lately begun to regress, but the uterus showed the usual signs of change 
with reduction of the glands and some extravasation of blood from 
the vessels (Fig. 2). The mammary glands had begun to secrete milk and 
this could readily be expressed from the nipples. In the other rabbit, 
which had received a lumbar stimulus, the pseudopregnancy had ap- 
parently terminated 1 or 2 days earlier than normally. The uterus still 
showed the characteristics of the end of pseudopregnancy, but regression 
had proceeded farther than is usual at the 14th day, the mucous mem- 
brane being in process of passing back to the condition of rest. The 


mammary glands were very active, milk being present in the ducts in 
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considerable quantity (as is usually or often the case for a short time after 
pseudopregnancy). The corpora lutea, although easily discernible macro- 
scopically in the ovaries, had undergone considerable regression and could 
hardly have been any longer functionally active. It is known, however, 
that regression of the corpus luteum in the rabbit, as in other animals, 
when once it sets in proceeds very rapidly, and it is probable that in the 
rabbit in question these organs had only begun to regress 2 or 3 days 
previously. As to why in this case, after a lumbar stimulus, the pseudo- 
pregnant period should have been slightly shorter than the normal, no 
obvious reason can be given. 

The rabbits employed in the above-described experiments had all 
been under observation for at least 2 weeks previously, and generally for 
a much longer time. In some cases they had had young while in our 
possession, but a minimum period of 8 days was always allowed to elapse 
between this event and the time at which they were used for experiment. 
The conditions of the generative organs after stimulation could in no case 
have been related to a previous pregnancy. All the experiments were 
performed between the middle of March and the end of July. 

Three experiments were performed with a view to testing whether 
stimulation could be effective in inducing ovulation after transection of 
the cord. In the first experiment a rabbit which had had young a fort- 
night before was anesthetized with “nembutal” (sodium ethylmethyl- 
butylbarbiturate), this being given intravenously and supplemented with 
ether. With full surgical precautions the lamine and posterior spinous 
process of the first lumbar vertebra were removed. The anzsthesia was 
then deepened and the cord transected. Hemorrhage was very slight, 
and after its arrest the muscles were sewn together where they had been 
divided, and finally the skin incision was sutured. The hindquarters there- 
after remained paralysed, but the appetite and general condition of the 
animal continued to be good. The bladder was emptied by manual ex- 
pression every morning. Five days after the transection, under ether 
anesthesia and with full surgical precautions, a small opening was made 
in the lower mid-abdomen and the ovaries withdrawn and examined with 
a lens. There had been no recent ovulation: two or three follicles in each 
ovary were, however, reddish in colour, but they were not blood follicles. 
Transection of the cord, therefore, had itself not produced ovulation. 
The following day the usual lumbar stimulus was applied, and during the 
application the hindlimbs were thrown into tonic contraction, while the 
forepart of the animal was apparently unaffected. Twenty-four hours 
later the abdomen was again opened under ether anesthesia and the 


* 
> * 
*. 
a 
fs 
a 
an 
7 
E. 
7 
* 
4 
I 
¢ 
* 
e 
* 
‘ 
* 
* 2 
4 
8 ‘ 
1 


332 F. H. A. MARSHALL AND E. B. VERNEY. 


ovaries inspected. No ovulation had occurred. The animal died two days 
later during the application of a head stimulus, and post-mortem 
examination confirmed the fact that no ovulation had occurred recently 
and that the section of the cord was complete. The result of this experi- 
ment was therefore negative, but such as it was it afforded evidence that 
in order to produce ovulation the stimulus must induce a state which is 
conducted forwards along the spinal cord. The negative result, however, 
may conceivably have been due to the abnormal condition of the animal 
which may no longer have been in a state of cestrus. 

In a second experiment a similar operation was performed on another 
rabbit, and 3 days later the ovaries were examined during a laparotomy. 
No ovulation had occurred, though a few follicles were reddish in colour. 
Four days after this the usual head stimulus was applied, and 24 hours 


later the animal was killed. Some follicles appeared to be protruding 


No. of 
rabbit 


19 


76 


81 


more than was normal, but no ovulation had occurred. In a third rabbit a 
head stimulus was applied 2 days after the cord had been transected at 
the level of the first lumbar vertebra. The animal was then left with the 
object of seeing whether it became pseudopregnant. Eight days later, 
however, the animal died from an undiscovered cause, and on the genera- 
tive organs being examined it was found that neither the ovaries nor the 
uterus showed any signs of cestrus, and there were no protruding follicles. 
The results of these last two experiments were therefore also negative. 


Taste II. 
Weight Dose and 
kg. Drug given route Effects observed Result Remarks 
28  Pilocarpine nitrate 2-8mg.,sc. Nil Killed 24 
hours later. 
jes No ovulation 
3-0 5 * (a) 9-0 mg., s.c. Slight salivation 5 
(b) 15 mg., i.v. Marked salivation (b) Given half an 
: hour after (a) 
88 4 3-8 mg., i. v. Marked sali- 
vation dyspnoea 
and bradycardia 
3-05 ‘ „  (a)3-05mg.,iv. Marked temporary sali- 
vation and dyspnoea 
(6) ” ” ” (b) Given 24 
hours after (a) 


32 (a) Atropine sul- 6-4 mg., i. v. 
phate 


(b) Eserine sulphate 0-96 ,, ” ’ Fibrillary twitchings of ” (b) Given a few 


3-2 (a) Atropine sul- , more 9 
6-4 mg., i. v. Respiration 

Phate and deeper 

(b) Acetylcholine 0096, „ Anne lay dat in state „ (0) Given a fow 

por minutes after (a) 


42 Adrenaline HCl 0 mg., iv. 
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We also attempted to produce ovulation in rabbits on heat by the 
action of certain drugs which might conceivably, by direct or indirect 
means, bring about an increased activity of the anterior pituitary. The 
drugs we chose for this purpose were pilocarpine, eserine, acetylcholine 
and adrenaline; and the results of these experiments are given in Table II. 
As will be seen, in no eee by 
these means. 


Discussion, 


Although our somewhat crude attempts to determine the intermediate 
processes between electrical stimulus and resultant ovulation failed, it is 
to be presumed, in view of the work of other investigators [Bellerby, 
1929; Friedman, 19296; Fee and Parkes, 1929; Deanesly, Fee 
and Parkes, 1930] who have demonstrated the effects of injecting 
extracts of the anterior pituitary as well as the effects of hypophysectomy, 
that in our experiments the nervous stimulus acted through the inter- 
mediation of the anterior pituitary. That the stimulation was also a 
general one is in no way opposed to the supposition that the condition 
produced. was similar in some respects to an orgasm; and it may be re- 
marked that in a normal orgasm the affection of the nervous system seems 
to be widespread, as is that of the body generally. That the stimulus does 


not pass directly to the ovaries is indicated further by the fact that after 


coitus ovulation can occur in ovaries which have been removed from the 


normal position and transplanted to an abnormal one, the ordinary nerve 


connections having, of course, been severed [Asdell, 1926; Friedman, 
1929 a]. Moreover, ovulation must have occurred in Cannon’s experi- 
ments in which cats became pregnant and gave birth after complete 
thoraco-lumbar sympathectomy (Cannon, Newton, Bright, Menkin 
and Moore, 1929]. And in rabbits Hinsey and Markee [1932] state 
that ovulation can take place in the absence of any nerve pathway to the 
ovaries, 

The innervation of the anterior pituitary, however, does not appear to 
have been satisfactorily worked out. Nerve fibres have been shown in the 
pars intermedia of the rabbit’s pituitary though their source and origin 
have not been traced [Croll, 1928]. Haterius [1933, 1934] found that 
electrical stimulation of the cervical sympathetic did not induce ovula- 
tion, and that section of these nerves was without influence on the 
incidence of pseudopregnancy after sterile copulation. Vogt (1931, 1933] 
also found that the occurrence of pseudopregnancy after sterile copula- 
tion was not dependent upon the integrity of the cervical sympathetic 


62 
2 
* 
a 
2 
= 
5 
on 
) ‘2 
) 
a 
Pr: 
* 
* 
2 
aye 


334 F. H. A. MARSHALL AND E. B. VERNEY. 


nerves. Hinsey and Markee [1933] suggest that stimuli may pass by 


the great superficial petrosal to the carotid plexus along paths described 
by Cobb and Finesinger [1932] and by Chocobski and Penfield 
[1932], or else by nerves from the hypothalamus to the posterior pituitary 
which in turn may exert an hormonic influence on the anterior lobe. 
Loewi [1935], speaking of the anterior pituitary, says that “this regu- 
lating gland, in contrast to the central nervous system, receives informa- 
tion about the needs of the organism not, so far as we know, by nerves but 


almost exclusively by humoral means, and responds to its needs in the 


same way 

There is some further evidence that nervous stimuli can act on the 
_ generative organs through the intermediation of the pituitary. In the rat, 
unlike the rabbit, ovulation takes place spontaneously and in the absence 
of coitus; but a prolongation of the life of the corpora lutea and a con- 
sequent pseudopregnancy can be induced by a sterile copulation or by 
artificially stimulating the cervix uteri by mechanical means [Long and 
Evans, 1922]. This result follows a single stimulus which brings about 
an enlargement of the pituitary, and the functional alteration in this 
organ is presumed to be the cause of the persistence of the corpora lutea, 
of the associated changes in the uterus and mammary glands and of the 
suppression of cestrus. Moreover, Selye and McKeown [1934a, ö] have 
shown that stimulation of the nipple in rats and mice produces somewhat 


similar results, but in these cases the stimulus must be continued if the 


changes in the generative organs are to follow. _ 

In view of these considerations and the observations recorded above, 
it may now be regarded as proved that nervous stimuli can act upon the 
anterior pituitary and change the functional activity of that organ and 
the character of its secretions in such a way as to alter and control certain 
of the phases of the cestrous cycle. On the other hand the experiments 
described or cited lend no support to the view that these phases are the 
result of an inherent pituitary rhythm (apart from external stimuli), at all 
events in the species of animal concerned.: This is especially apparent in 
the rabbit in which the follicular or cestrous phase is switched to the 
luteal phase as a result of an externally applied stimulus, 

It is commonly believed that the anterior pituitary produces at least 


two different gonadotropic hormones, an cestrus-producing and follicle- 


ripening one, and a lutealizing hormone, the conclusion being based on the 
two effects produced by implantation of hypophyseal tissue on the one 
hand and the injection of alkaline extracts on the other [Evans and 
Long, 1922; Zondek and Aschheim, 1927; Smith and Engle, 1927], 
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and on the similar effects produced by the substances excreted in the 


urine—the prolans. The existence of two separate hormones has, how- 
ever, not yet been definitely proved, since in certain instances cestrus has 
been brought about by alkaline extracts and lutealization by implants 
ſof. Robson, 1934]. Moreover, hemorrhagic follicles are also sometimes 
produced [cf. Bishop, 1933]. In this connection it may again be noted 
that in three of our experiments hemorrhagic follicles were formed 
without corpora lutea. On the assumption that the anterior pituitary 
produces two gonadotropic hormones, it must be presumed that in our 
experiments, and also in connection with the normal orgasm in the rabbit, 
central nervous stimulation leads after ovulation to a change in the 
secretion of the pituitary, the cestrogenic or follicular hormone giving 
place to the lutealizing hormone of pseudopregnancy. 

In conclusion it may again be pointed out that in our experiments the 
interval between the stimulation and the discharge of the follicles was 
from 7 to 14 hours longer than the normal interval between coitus and 
ovulation. This result may perhaps be interpreted as due to the ovulating 
hormone” not being secreted so rapidly or in so large a quantity after 
stimulation as after the natural orgasm. It is to be noted further that the 
pseudopregnancy which occurred after the lumbar stimulation was 
approximately 2 days shorter in duration than is normal pseudopregnancy. 


Summary. 

1. Ovulation has been produced in the rabbit on heat by electrical 
stimulation of the central nervous system. | 

2. Ovulation occurred irrespective of whether the stimulus was 
applied through the brain or through the lumbo-sacral part of the cord. 

3. The period between stimulus and ovulation varied from 17 to 
24 hours. It was thus from 7 to 14 hours longer than that between 
normal coitus and ovulation. 

4. Pseudopregnancy supervened in four rabbits which were kept 
alive, two for 7 days and two for 14 days, after the electrical stimulus had 
been applied. | 

5. The facts are discussed in the light of the view that the effects of the 
stimulus are produced through the mediation of the anterior pituitary 
body. 

We should like to express our indebtedness to Mr Hammond and to Dr Walton for 
their kindness in examining some of our material and giving their opinion on the results 
which we obtained. We are also indebted to Mr J. Pike for the trouble he took in caring for 
our animals. | 
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Fig. 1. Section of uterus of rabbit No. 19. Pseudopregnancy following electrical 
stimulation 7 days before. Diameter of field =4 mm. 


Fig. 2. Section of uterus of rabbit No. 23. Pseudopregnancy following electrical 


Di f field 4 mm. 
— 14 days before. Diameter o mm 3 
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THE “LIPOTROPIC” EFFECT OF DIETARY PROTEIN 


‘By C. H. BEST, RHODA GRANT anp JESSIE H. RIDOUT 


(From the Department of Physiology and The School of Hygiene, 
University of Toronto) 


(Received January 13, 1936) 


Tun purpose of this paper is to present further evidence as to the effect 
of certain dietary proteins on the rate of accumulation of fat in the liver 
[Best, Huntsman and Ridout, 1935]. This action in the case of casein 
was first demonstrated by Best and Huntsman [1935], and since then 
it has been repeatedly observed in these departments and in Prof. H. J. 
Channon’s laboratory [Channon and Wilkinson, 1935; Beeston, 
Channon and Wilkinson, 1935]. 


MrtTHops 


The care and feeding of the animals and the methods of fat estimation 
have been described in detail previously. The average initial weight of 
the rats referred to in Tables I, III and IV was 220 g. and in Table II 
160 g. The casein (“fat and vitamin free”) was obtained from the British 
Drug Houses. 

EXPERIMENTAL RESULTS AND COMMENTS 
In the first experiment of this series the casein content of the diet 


varied from 10 to 50 p.c. The amount of fat was kept constant at 40 p.c. 


The experiment was continued for 21 days and the liver fats were then 
estimated by the saponification procedure. The composition of the diet 
and the effects on liver fat are given in Table I. While with 10 p.c. casein in 
the diet the livers were extremely fatty, with 30 p.c. of this protein the 
amount of fat in the livers of the twenty animals was only slightly above 
the normal value. It is apparent that larger amounts of casein produce, 
under these particular conditions, no more effect than that provided by 
the diet containing 30 p.c. of this protein. In the second experiment the 
amount of ein was varied as in the first, but the liver fats were 
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fractionated and the various components estimated. The results are 
shown in Table II. The variation in the fat content of the diets should 
be noted. In the third experiment the effect of choline in the prevention 
of the deposition of liver fat produced by a diet low in casein has been 
investigated. Although this diet contained only a normal amount of fat 
(20 p.c.) the total fatty acids of the livers of the 19 animals had attained 
a value of 26-75 p.c. at the end of 21 days. The provision of an amount of 
choline approximately equal to that contained in a daily ration of mixed 
grains, i. e. 10 mg., was sufficient completely to prevent the deposition of 
excessive amounts of fat (Table III). In the fourth experiment the 


“‘lipotropic” effect of commercial gelatin was investigated. These results, 


which are supported by those of unpublished experiments in which 
gelatin was the only protein supplied, suggest that this incomplete 
protein exerts very little effect on the deposition of fat in the liver 
(Table IV). | 


Discussion 


It is unnecessary to discuss again the various mechanisms by which 
certain dietary proteins may affect the deposition of liver fat. Several 
aspects of this subject have been dealt with in the previous communica- 


tions [Best and Huntsman, 1935; Best and Channon, 1935; Best, 


Mawson, McHenry and Ridout, 1936; Beeston, Channon and 
Wilkinson, 1935]. The data presented in this paper abundantly support 
the conclusion that some constituent of casein has an action on liver 
fat like that of choline. This constituent is apparently present in very 
small amounts, if at all, in commercial gelatin. Apparently either some 
lipotropic factor, such as for instance betaine, is made available in the 
metabolism of the amino acids in casein, but not in appreciable amount 
from the metabolism of those in gelatin, perhaps because it does not 
contain the particular amino acid concerned; or else possibly casein 
contains some “‘lipotropic” factor as a contamination. 

While it is essential to form some estimate of the “lipotropic” activity 
of dietary proteins in terms of choline the value obtained will undoubtedly 
vary with the method of preparation of the protein and probably with the 
procedure used in determining the choline equivalent. It would appear 
from the data which we have available that the choline equivalent of 
casein is greater when it is added to diets containing appreciable amounts 
of fat and of “‘lipotropic” materials than when it is used with a ration 
free from these factors (sucrose only). The effect of casein as seen in 
Table I when compared with that of choline under essentially similar 
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conditions [Best, Mawson, McHenry and Ridout, 1936] suggests 
that 1 g. of the protein exerts an effect comparable to perhaps 5 or 6 mg. 
of choline. In earlier experiments when the casein was added to a sucrose 
diet the choline equivalent was apparently less. In any case since the 
conditions were quite different in the two sets of experiments and the 
homogeneity of the large lot of casein used, with respect to its content of 
“lipotropic” factor, cannot be assumed, it is unprofitable further to 
discuss the probable “‘lipotropic” values of these particular samples of 
commercial casein at the present time. Beeston and Channon [1935] 
have recently suggested that the choline equivalent of the casein which 
they have used is 8 mg. per g. 

These results demonstrate the importance of limiting the casein 
content of a diet if the rapid production of large fatty livers is desired. 
When 40 p.c. of beef fat is added to our stock diet of mixed grains the 
liver fat at the end of 21 days varies greatly, but the average of several 
hundred determinations is approximately 14 p.c. When the fat content is 


the same (40 p. o.) but casein (15 p. o.) and sucrose (45 p. c.) are substituted 


for the grain, the rate of deposition of fat in the liver is greater. If the 
casein content is reduced to 10 p.c. the livers become even fatter, and the 
average value in one such series was approximately 25 p.c. (Table IV), 
and in another, as yet unreported, 29 p.c. at the end of 3 weeks. When the 
fat content of the diet is maintained at 20 p.c. and the casein reduced to 
5 p.c. (Table IIT) the glyceride content of the livers may be approximately 


20 p.c. at the end of 3 weeks, but such high values are not consistently 


obtained. | 

Two other protein preparations have been studied. (1) Carefully 
prepared dried egg white, which has not been washed with ether and 
alcohol, has approximately the same “lipotropic” activity as the casein 
which we have used. (2) By extracting fresh beef muscle repeatedly with 
large volumes of strong ethyl alcohol and drying the insoluble residue 
in vacuo a satisfactory protein preparation, which has a “lipotropic” 
activity definitely less than that of the casein, is readily obtained. This 
material is being used in some of our further studies on the effect of 
choline. 


SUMMARY AND CONCLUSIONS . 


Further evidence of the effect of certain dietary proteins on the rate of 
accumulation of fat in the liver of the white rat is presented. While 
samples of casein, which do not contain significant amounts of choline, 
exert a very definite choline-like action, gelatin produces little if any effect 
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on the deposition of fat in the liver. The “lipotropic” action of the un- 
identified constituent of casein under the present experimental conditions 
cannot be differentiated from that of choline. The choline equivalent of 
casein has been discussed. 
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THE EFFECTS OF CHOLESTEROL AND CHOLINE 
ON LIVER FAT 


By C. H. BEST anv JESSIE H. RIDOUT 
(From the School of Hygiene, University of Toronto) 


(Recewed January 27, 1936) 


Tun results of the first investigation of this problem [Best and Ridout, 
1933] indicated that large doses of choline or bétaine inhibited the de- 
position of fat in the liver produced by feeding cholesterol. These 
results were confirmed and extended by Best, Channon and Ridout 
[1934], who noted that under certain experimental conditions the esters 
of glycerol were more readily affected than those of cholesterol. Channon 
and Wilkinson [1935] found, however, that in certain short-term ex- 
periments the rate of removal of cholesterol esters was not accelerated 
by choline, while a very slight effect was exerted on the glyceride fraction. 
These results which have been discussed by Best and Channon [1935] 
were due in part to the low glyceride content of the livers at the be- 
ginning of the experiment and in part to the short period of observation. 


Furthermore, added choline may exert relatively little effect when 


naturally occurring lipotropic factors are present in appreciable amounts 
in the diets used. Under more favourable conditions [Best and Ridout, 
1935] choline accelerates the removal of the esters of both glycerol and 
cholesterol. Beeston, Channon and Wilkinson [1935] have recently 


confirmed the finding that choline inhibits the accumulation of both 


kinds of ester which is produced by feeding large doses of cholesterol. 

This paper contains a further study of the action of choline on 
cholesterol esters and glyceride in the liver made fatty by cholesterol. 
Particular attention has been paid to the effect of choline on the rate of 
disappearance of cholesterol esters. The use of smaller doses of cholesterol 
has enabled us to demonstrate a more rapid and more extensive action 
of choline on these esters than previously. 
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METHODS 
The care of the rats and the methods of analysis of the tissues are 
similar in all essential details to those previously reported. The various 
components of the diets have also been described. ö 


EXPERIMENTAL RESULTS AND COMMENTS 
I. Eaperiments with continued administration of cholesterol 
(a) Effect of choline when a relatively small dose of cholesterol is con- 
tinued throughout experiment. In this experiment 109 rats were placed 
on a diet consisting of mixed grains, bone meal (2-5 p. o.) and beef fat 
(20 p.c.). Fifty mg. of cholesterol were added to the daily ration of each 
rat. After 53 days the average liver fat in twenty of the animals was 
determined (Table I). All of the remaining animals were transferred to 


I 


rats days g g. mg mg p. o p. o. p.c. 
20 53 +2 10 50 — 0-25 1-81 5-44 Preparatory 
— 

14 18 -17 8 41 — 0˙28 3:27 9-67 Test period 
14 18 —26 7 35 87 0-30 0-65 1-27 7 

15 32 —33 6 32 81 0˙28 0-31 0-94 1 

16 42 44 7 37 — 0-29 3-44 3-63 5 

15 42 8 32 81 0:28 0-34 0-54 ” 

Average initial weight was 199 g. 


In this and the following tables under Glyceride is included that portion of the total 
pr sas present as simple glyceride and not as phos lated fat (lecithine etc.) nor as 
sterol ester. The figures for total fatty acid and for lecithine etc. are not dealt with 

in this paper and so are not included in the tables. 


a diet low in choline (casein 11-5 p. c., egg white 3-5 p.c., beef fat 20 p. c., 
sucrose 58-3 p. o., salt mixture 4-8 p. c., agar 1-9 p.c., and vitamins A, D 
and B,). Cholesterol feeding was continued and the various groups in- 
gested from 31-5 to 40-5 mg. daily: slight variation in cholesterol intake 
does not produce a significant difference in liver fat. Choline was added 
to the diets ef half of the animals and groups were examined after 18, 
32 and 42 days. The behaviour of the glyceride fraction of the livers is 
very interesting in this experiment. The preliminary rise after transfer 
of the animals to the diet low in choline is the usual reaction of liver fat 
when the supply of choline and other lipotropic factors is reduced. This 
effect is consistently observed when animals are transferred from a diet 
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rich in fat and naturally occurring lipotropic factors to one free from 
both, e.g. sucrose only [Best and Huntsman, 1935]. The subsequent 


fluall in the glyceride content of the livers of the animals which did not 


receive choline may be due, in part, to the appropriation of fatty acid 
from the glyceride by the cholesterol. While it appears unlikely, from 
unpublished data, that this fall in glyceride is due to depletion of body 
fat the possibility must also be considered in this experiment. The effect 


CHOLESTEROL OLEATE 


- NO CHOLINE 
——A WITH CHOLINE 


Time in days 
Fig. I. 


of choline on the glyceride fraction is typical. The change in cholesterol 
esters is very definite (Fig. 1). Without choline there is a prolonged rise 
while with choline a decrease is observed. 

(6) Effect of choline when a larger dose of cholesterol is continued 
throughout experiment. In this experiment 105 rats were placed on the 
low choline diet and 95 mg. of cholesterol were added to the daily ration 
of each rat. After 24 days liver fat was determined on fifteen animals 
(Table II), and the remainder were kept on the same diet. Choline was 
given to half the animals and an attempt was made to keep the caloric 


intake of the two groups at the same level. It is interesting that with 


the amounts of choline and cholesterol used the glyceride fell at first 
even with no choline, while the cholesterol esters at first increased rapidly 
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even with it. The simplest explanation of the transient fall in glyceride 
without choline is the appropriation of fatty acid by the cholesterol. 
Body fats were certainly not seriously depleted at this stage of the experi- 
ment, since the loss in weight was slight. The rise in cholesterol esters 


Taste II 
Dura- Av. daily intake Cholesterol 

No. of change Chole- Ester as as 

of exp. inwt. Food sterol Choline Free oleate triolein 
rats days g. g mg mg. pc. p. p. o 

15 24 — 9 95 — 0-31 3:10 8-24 Preparatory 
15 18 -10 8 81 — 0˙34 6-92 3°12 128 period 
15 18 —16 8 82 82 0-33 6-88 1-39 8 

15 27 —20 8 76 — 0-32 5-84 4-66 1 

15 27 18 7 72 72 0-32 5-20 1-86 x 

15 58 —30 8 80 — 0-32 7-59 6-10 5 

15 58 —31 8 84 8⁴ 0-32 3-96 2-67 5 

Average initial weight was 168 g. 
NEUTRAL FAT 


NO CHOLINE ——O 
WITH CHOLINE—— 


WITH CHOLINE - 


in spite of choline obviously indicates that cholesterol was in the ascen- 
dancy at this particular phase of the experiment. Later the effect of 
choline, which in the case of glycerides was obvious from the first, is 
quite well demonstrated on the cholesterol esters too (Fig. 2). 
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(c) Low choline diet with 10 p. c. protein. In this experiment seventy- 
five rats were placed on the diet low in choline, but the protein content 
was reduced from 15 to 10 p. c. and the carbohydrate correspondingly 
increased. Each animal had 100 mg. of cholesterol. After 25 days the 
liver fat was determined on the pooled livers of eighteen rats. The re- 
maining animals were divided into four groups. The animals in two of 
the groups received choline. There was no significant difference in the 
cholesterol (70 mg.) intake of the four groups during the test period. 


SEUTRAL FAT SHOLESTEROL OLEATE | 
NO CHOLINE ——O WOCHOLINE ———A 
WITH CHOLINE—— WITH CHOLINE ———a 


The livers from two groups of animals were analysed after 18 days and 
the others after 40 days. The effects of choline on glyceride and chole- 
sterol esters are clearly demonstrated (Fig. 3). 


II. Experiments with cholesterol administration discontinued 
Three experiments of this type will be described briefly. 
(a) In the first the animals were placed on the low choline diet, with 
167 mg. of cholesterol added, for 14 days. The test period, with chole- 
sterol discontinued, was 12 days. Two groups received sucrose only, while 


two were given sucrose (80 p. o.) and fat (20 p. e.). One of each of the 
two groups was supplied with choline. The results are shown in Table III. 
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5 Tam III 
Dura- Av. daily intake Cholesterol 
tion Av. A — — G 
No. of change Chole- Ester as as 
of exp. in wt. Food sterol Choline Free oleate triolein 
rats days g g. mg mg. P.. p. o. p. o. 
20 14 +4 10 167 — 024 268 609 Preparatory 
15 12 —32 10 — — 0˙24 3-83 6-81 Test period 
14 12 9 —— 90 0-27 3-00 1-44 
13 12 —33 9 — — 0˙28 3-42 6-94 4 
14 12 — 26 9 — 103 0-26 3-13 2-10 5 
Average initial weight was 190g. 
NEUTRAL FAT 
10} 26 NO CHOLINE —0 
is WITH CHOLINE---@ 
OF I8F 
hick \ 
- \ 7 U 
NO CHOLINE 
1. WITH CHOLINE=--4 
11 \ * 
sf lor ; \ 
6 
a 
\ \ 
6 \ \ 
\ 
Time in days 
Fig. 4. 


(b) In the second of these experiments 112 rats were placed on the 
low choline diet with 200 mg. of cholesterol added for a period of 23 days. 
At this time the cholesterol ester in the pooled livers of fifteen rats had 
reached a value of 7-51 p.c. and the glyceride 18-89 p.c. Cholesterol 
feeding was discontinued and choline (100 mg. daily) was given to half 
the animals. A preliminary account of this experiment was reported 
gets [Best and Ridout, 1935]; the results are illustrated in 


(c) In the third experiment an attempt was made to keep the glyc- 
eride at a low level during the preparatory period by supplying a small 
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Taste IV 

Dura- Av. daily intake Cholesterol 

tion Av. * 
No. of change Chole- Ester as eride as 
of exp. in wt. Food sterol Choline Free oleate triolein 
rats days 8. g mg. mg. p.c p. o. p. o 
20 45 — 9 46 23 0-26 1-02 4-43 Preparatory 
16 18 -10 9 — — 0-23 0-38 6°74 est period 
16 18 —24 8 — 83 0-23 0-02 0-58 25 
17 27 —17 9 — — 024 020 4-77 1 
17 27 —24 8 — 83 024 006 061 6 


Average initial weight was 182 g. 


amount of choline (Table IV). During this time the animals received 
the stock grain diet, beef fat (20 p.c.) and 23 mg. of choline daily, to- 
gether with 46 mg. of cholesterol. In the test period the diet-low in 
choline was provided and cholesterol feeding was discontinued; the 
choline for half the animals was increased and eliminated from the diet 
of the remainder. In both groups the cholesterol esters of the liver de- 
creased. The rate of fall was slightly but definitely greater in the animals 
receiving choline. The glyceride content in the rats without choline after 
a slight increase was at approximately the same level on the 27th day 
as at the beginning of the test period. These results provide further 
evidence that even in the absence of dietary choline the cholesterol esters 
decrease rapidly when cholesterol feeding is discontinued. There is, of 
course, a certain amount of non-choline lipotropic factor present in this 
diet, but since it has not caused a decrease in glyceride there is no reason 
to believe that it is exerting any effect on the cholesterol esters. All 
available data indicate that more choline is required to affect cholesterol 
esters than glyceride. | 
Discussion 


The finding that choline inhibited the deposition of cholesterol esters 
made it probable that the base would also accelerate the disappearance 
of these substances under appropriate conditions. The results described 
above show that this is the case. Appropriate conditions for the demon- 
stration of this action are provided when a relatively small dose of 
cholesterol is given during the test period to animals which are receiving 
a diet low in lipotropic factors. It is then found that the cholesterol 
esters in the livers of the control series increase in amount while a rather 
prompt decrease is observed in the choline-fed group. 

The rapid decrease in the glyceride content of the “cholesterol” fatty 
liver and the much slower fall in cholesterol esters when choline is 
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supplied appears to support the suggestion [Best, Channon and Ridout, 
1934; Best and Ridout, 1935] that the primary effect of this substance 
is on the glyceride fraction. In the short experiments referred to above 
(Exp. II a and Table III), choline produced no effect on cholesterol esters 
while the glyceride fraction was very definitely affected. Furthermore, 
it has been consistently observed that the dose of choline required to 
influence deposition of cholesterol esters is appreciably greater than in 
the case of the glyceride. All the results reported here may be inter- 
preted on the basis that an effect on the neutral fat precedes that on 
the cholesterol ester fraction, but the inference from this suggestion that 
the glyceride must be reduced to very low levels before an effect on the 
cholesterol esters is observed is not justified. These latter have shown 
a definite fall in several cases while an abundance of glyceride is present 
—and presumably available. The possibility that choline affects both 
cholesterol esters and glyceride directly has, therefore, not been elimi- 
nated. 

The fall in glyceride in certain of the experiments (Exps. I b and II a) 
while the cholesterol esters are increasing is independent of the action 
of choline and suggests, in our opinion, an appropriation of fatty acids 
from neutral fat by the cholesterol. It will not be easy to determine 
whether the fatty acid which is appropriated is taken from the liver 
stores or is diverted from the fat which presumably is being steadily 
delivered to the liver under the conditions of our experiments. It will 
be noted that this phenomenon, which we have tentatively termed 
appropriation, is not consistently observed. It is not apparent, for 
example, in the short experiments (Exp. II a and Table III). There is 
a suggestion that it may only be observed when there is a rapid deposition 
of cholesterol esters (Exp. I 6 and Fig. 2). The problem is being investi- 
gated more fully. i 

When cholesterol feeding is discontinued the cholesterol ester content 
of the liver tends to fall, whether choline is given or not (Exp. II b and o), 
while the glyceride content, if choline is not given, is maintained at a 
high level until the supply of body fat is reduced to extremely low levels 
when it falls rapidly [Best and Mawson]. These results obviously indi- 
cate that for the maintenance of the high levels of cholesterol esters and 
neutral fat a continued supply of the constituents is necessary. If the 
food contains no fat, fat may come from the depots, but this is not so 
with cholesterol; when very little of this is supplied by the food the 
amount found in ester form in the liver falls. We may assume that the 
accumulation of cholesterol esters is limited by the supply of cholesterol; 


7 7 
2 
in 
> 
4) 
* 
K 
. 
4 
4 
* 
* 
4 
7 
> 
* 
> 
* 


CHOLESTEROL, CHOLINE AND LIVER FAT 351 


fatty acids in these experiments would not be lacking; they are even 
necessary for the absorption of the cholesterol from the gut, and could 
also have been supplied from the depots. 

3 Histological evidence indicates that when livers become extremely 
fatty the blood supply to some areas may be seriously disturbed. This 
disturbance might well interfere with the movement of cholesteryl or 
glyceryl esters into or out of the liver. But we do not suggest that such 
a result contributed to the phenomena reported here. 

No explanation is at present available for the fact that with certain 
doses of cholesterol and choline the effect of the former predominates 
in the early part of the test period while later the action of choline is 
well demonstrated. The duration of the test period is thus a very im- 
portant factor in experiments of this type. It will also be appreciated 
that the amount of fat available from the depots and the ability of the 
liver cells to take up fat from the blood and to metabolize it may 
change as the experiment progresses. The effect of a diet on liver fat 
may therefore vary according to its duration, a fact which must be borne 
in mind in the study of the effects on liver fat of amounts of choline 
and cholesterol which are present in various food materials. 

The effect of choline on the deposition of cholesterol esters in tissues 
other than the liver has not been extensively studied. Unpublished 
results obtained when Prof. Channon was working in this department 
with us suggested that choline exerted relatively little effect on these 
other tissues. More recent results have indicated the desirability of 
further study of the kidney in this connection. An investigation of the 
action of choline on the deposition of cholesterol esters in the arteries of 
the rabbit would be interesting, but is not for the present being under- 
taken. 


SUMMARY AND CONCLUSIONS 


1. When a relatively small daily dose of cholesterol is given to rats, 
in which a fatty liver has been produced by cholesterol, the addition of 
choline to the diet causes a very definite fall in both glyceride and chole- 
sterol ester content of liver tissue. 

2. When larger amounts of cholesterol are provided there may be 
an increase in cholesterol esters even, during the early part of the experi- 
ment, in animals receiving choline. Later, the effect of choline may be 


5 Clearly shown. 


8. Under these conditions (2) the glyceride level of the livers may 
fall while the cholesterol esters are increasing. In the control series of 
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animals this effect is not attributable to choline and is perhaps due to 
an appropriation by the cholesterol of fatty acids from neutral fat. 

4. When cholesterol feeding is discontinued during the test period, 
choline accelerates the fall in cholesterol esters. The decrease, in the 
absence of choline, is probably due to cessation of cholesterol supply. 

5. While the effect of choline on the glyceride fraction apparently 
always precedes that on the cholesterol esters, large quantities of neutral 
fat may still be present in the liver when the action on the cholesterol 
esters is well demonstrated. The possibility that choline affects these 
esters en cannot be eliminated. | 


plore to the of Mie . Laxton 
and Miss M. E. Hocking. 
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_ RELEASE OF ACETYLCHOLINE AT VOLUNTARY 
| MOTOR NERVE ENDINGS 


By H. H. DALE, W. FELDBERG! AND M. VOGT! 
(From the National Institute for Medical Research, London, N. W. 3) 


(Received January 16, 1936) 


In a note published some time ago [Dale and Feldberg, 1934], two of 
us gave a preliminary description of experiments which indicated that 
something having the properties of acetylcholine (ACh.) is liberated, when 
impulses in motor nerve fibres excite contraction of a voluntary, striated 
muscle. Several earlier observers had recorded observations of this kind, 

but their significance had not been clear. Geiger and Loewi [1922] 
estimated the choline present in extracts from frog’s voluntary muscle, 
and observed an apparent large increase (five- to tenfold) after prolonged 
direct and indirect stimulation. Plattner and Krannich [1932] and 
Plattner (1932, 1933] found that the substance present in such extracts 
was rapidly inactivated by fresh blood, like acetylcholine, and that the 
quantity present had a general correspondence to the wide differences in 
sensitiveness of different muscles to the stimulating action of acetyl- 
choline. Faradic stimulation of the nerve increased the yield; but 
Plattner associated the apparent presence of the acetylcholine in the 
muscle, and its increase on mixed nerve stimulation, with a para- 
sympathetic” innervation of the blood vessels. In the tongue, excised 
from a cat treated with eserine, and divided longitudinally into halves, he 
found that stimulation of the chorda-lingual nerve caused increase of 
acetylcholine in the extract from one half, while stimulation of the hypo- 
glossal nerve did not significantly increase the yield of the other. 

‘Hess [1923], Brinkman and Ruiter [1924, 1925] and Shimidzu 
[1926], all perfused the muscles of a frog’s hindlimbs and tested the 
effluent Ringer’s solution on isolated preparations sensitive to acetyl- 
choline, with some variations of method. All found evidence of the 
en when the nerves supplying the muscles were stimulated, of 
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something acting like acetylcholine. Brinkman and Ruiter observed 
that the liberation still occurred, when curare was present in sufficient 
amount to prevent the motor impulses from causing contractions. 

It will be seen that these different observations, though suggestive, 
are not clear in significance. Something like acetylcholine was apparently 
liberated, when the mixed nerves to voluntary muscles were stimulated ; 
but the identification of the substance was incomplete, and there was 
little to indicate what kind of nerve fibres were responsible for its libera- 
tion. There is no real evidence, indeed, for a secondary parasympa- 
thetic” nerve supply to the voluntary muscle fibres themselves, respon- 
sible for maintenance and variation of tone, such as Frank and his co- 
workers have assumed [Frank and Katz, 1921; Frank, Nothmann 
and Hirsch-Kauffmann, 1922]. There is evidence, however, that the 
sympathetic nerve supply to the blood vessels of the leg muscles contains 
a cholinergic component in the cat [Hinsey and Cutting, 1933] and in 
the dog [Bülbring and Burn, 1935]; and the same might be the case in 
the frog. As regards the vaso-dilator action of sensory axon branches, the 
mode of its chemical transmission is still in doubt; it is still possible, 
though in the light of recent evidence no longer probable, that it may also 
be cholinergic. It is clear, in any case, that the liberation of acetylcholine 
in a voluntary muscle, as the result of stimulating a mixed nerve containing 
sensory and sympathetic as well as motor fibres, could not be regarded as 
having any necessary connection with motor nerve impulses, and the 
transmission of their excitatory action to the voluntary muscle fibres. 

Our object has been to discover whether stimulation of the motor 
nerve fibres innervating voluntary muscle fibres, to the complete exclu- 
sion of the autonomic or sensory fibres running with them in a mixed 
nerve, causes the liberation of acetylcholine in appreciable quantities; 
and, if so, to endeavour to obtain evidence as to the site of such liberation. 

Such an enquiry formed a natural sequel to the experiments which, 
during the past few years, have produced evidence of the liberation of 
acetylcholine when a nerve impulse reaches the ending of a preganglionic 
fibre of the autonomic system, whether that ending makes contact with a 
cell of the suprarenal medulla [Feldberg, Minz and Tsudzimura, 
1934] or with a nerve cell in a ganglion [Feld berg and Gaddum, 1934; 
Feldberg and Vartiainen, 1934; Barsoum, Gaddum and Khayyal, 
1934]. The acetylcholine is, in these cases, liberated in contact with cells 
which are responsive to that aspect of its activity in which it resembles 
nicotine Dale, 1914]. The direct stimulant action of acetylcholine on 
certain voluntary muscles after degeneration of their motor nerve supply, 
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also belongs to its “nicotine” action, and not to its ‘“muscarine” 
action [Dale and Gasser, 1926]. It had further been shown long ago, 
by Langley and Anderson, that voluntary motor nerve fibres and 
preganglionic autonomic fibres are functionally interchangeable in crossed 
regeneration; so that, as evidence for a cholinergic function of pre- 
ganglionic fibres accumulated, the presumption of a cholinergic function 
for the motor fibres to voluntary muscle increased [cf. Dale, 1935a, ö). 
On the other hand, it was clear that the task of demonstrating the 
liberation of acetylcholine by nerve impulses reaching the endings of 
motor nerve fibres in a voluntary muscle, would be attended with diffi- 
culties of a different kind from those involved in the experiments on a 
ganglion. For the small substance of the ganglion is closely packed with 
the synaptic endings of preganglionic fibres; so that if acetylcholine were 
liberated by impulses arriving at the synapses, it might be expected to 
appear in relatively high concentration in the slow-dropping venous 
effluent; and this expectation had been realized in experiment. In a 
voluntary muscle, on the other hand, the bulk of the tissue, requiring 
effective perfusion to maintain its functional activity, is relatively enor- 
mous in relation to the motor nerve endings. If acetylcholine were 
liberated by the arrival of impulses at these endings, it could not, there- 
fore, be expected to appear in the perfusion fluid in more than a very low 
concentration. This expectation has again been realized in our experi- 
ments, but we have, nevertheless, been able with regularity to detect the 
appearance of a substance having the recognizable characters of acetyl- 
choline, when the purely motor nerve supply to a voluntary muscle has 
been stimulated under the conditions of our experiments. 

Most of our experiments have been made on the muscles of cats and 
dogs. These mammalian muscles are usually regarded as completely 
insensitive to the action of acetylcholine when their motor nerve supply is 
intact. Recent evidence, to be discussed later, shows that they are not, in 
fact, indifferent to acetylcholine in relatively large doses, applied through 
the circulation or directly; but their response, under such conditions, is 
by twitches or fibrillation, and they do not exhibit the slow contracture 
with which many muscles of the frog and other lower vertebrates respond 
to acetylcholine in low dilutions. It was accordingly of special importance 
to discover whether acetylcholine was liberated when motor impulses, 
causing only quick contractions, passed down the motor nerve fibres to 
such normal, mammalian muscles. A few experiments were also made on 
frog’s muscles, with stimulation of motor fibres separately from the other 
components of the mixed nerve. 
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Mxrhops 


All our successful experiments on mammalian muscles ha ve been made 
by perfusing them with Locke’s solution at 37° C., pre-oxygenated to 
saturation, and containing 1 part of eserine in 5x 10°. Perfusion was 
carried out with the Dale-Schuster pump. In a few experiments the 
attempt was made to demonstrate the liberation of acetylcholine during 
stimulation of motor nerve fibres to a muscle with normal circulation, 
eserine being given to the whole animal with sufficient atropine to prevent 
excessive circulatory depression. Feldberg [1933a], who under such 
conditions had readily detected acetylcholine in blood of the lingual vein 
of the dog when the vaso-dilator chorda-lingual nerve was stimulated, 
had failed to find any when he stimulated the motor hypoglossal nerve. 
We had a like failure in experiments with natural circulation on the tongue 
and on the gastrocnemius, stimulating only motor fibres. Franel [1935], 
in experiments apparently suggested by our preliminary account, also 
failed in most cases to detect acetylcholine in venous blood from a leg, 
the muscles of which were thrown into contraction by stimulating the 
whole limb. The same author, had, indeed, no greater proportion of 
success when eserinized Locke’s solution was used for perfusion. The con- 
ditions of these experiments, however, so differed from those of our own 
that we cannot profitably discuss the cause of their mostly negative 
results. Our own success in perfusion experiments, with Locke’s solution 
containing eserine, was regular, in contrast to our failure in the few experi- 
ments made with normal circulation. 

It may be that the relatively low concentration of acetylcholine re- 
leased by motor stimulation cannot be protected from the blood esterase 
by eserine in doses insufficient, by themselves, to cause general twitchings 
of the voluntary muscles. It is possible, on the other hand, that the © 
artificial conditions of saline perfusion in some other way facilitate the 
escape of the acetylcholine from the site of its origin into the blood vessels. 
Whatever the reason, artificial perfusion with an eserine-containing 
saline fluid has been necessary for success. This has caused a limitation of 
the period of an experiment in which success was possible. Perfusion 
must be continued long enough to wash the blood thoroughly out of the 
vessels; on the other hand, it if is continued too long, the muscle becomes 
more quickly insensitive to motor nerve impulses. In our few experi- 
ments on the frog, the skinned hindlimbs were perfused with Ringer’s 
solution containing eserine at the room temperature. Mammals, after 
preliminary anesthesia with ether, were given a stable anesthesia 
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with chloralose, administered intravenously, before the dissection was 


Cat’s tongue. All branches of both common carotid arteries and all 
tributaries of both external jugular veins were tied, excepting only the 
lingual arteries and veins respectively. The transverse vein connecting 
the jugulars at the hyoid level was left open, small tributaries to it being 
tied, so that the effluent from both lingual veins could later be collected 
from one jugular, the other being then tied. Both hypoglossal nerves 
were tied as near as possible to their exits from the skull, cut and dissected 
free from the accompanying lingual arteries up to the point of their entry 
into the tongue muscles. As soon as these dissections had been com- 
pleted, an injection of Chlorazol Fast Pink” was given intravenously, 
to render the blood incoagulable, and thus facilitate its complete removal 
by perfusion. Cannule, united by a V- junction to the tube leading from 
the perfusion pump, were then tied into the peripheral ends of both 
common carotid arteries, the perfusion was begun, and the fluid collected 
from one jugular vein, as above described. It is, of course, impossible 
to isolate the vascular system of the tongue from anastomatic communi- 
cations. While the heart is still beating the perfusion fluid does not 
become free from blood, unless the pump is so adjusted as to give a 
comparatively high perfusion pressure and rapid perfusion rate. Our 
procedure was to cut down the throw of the pump until the venous outflow 
was about 1-3 c.c. per minute, and then to kill the animal by incising 
the heart. The last traces of blood then quickly disappeared from the 
venous fluid. Only an uncertain part of the perfusion fluid pumped into 
the lingual arteries was thus recovered from the outflow through the 
lingual veins, a substantial proportion passing by arterial and venous 
anastomoses and flowing from the open heart cavities into the chest. This 
unavoidable and unmeasured loss prevented any calculation of the total 
quantity of acetylcholine liberated in the tongue muscles during stimu- 
lation, and restricted observation to a comparison of the acetylcholine 
contents of the fluid from the lingual veins, when the tongue was at rest 
and when it was stimulated through its motor nerve. In most of the 
experiments on the cat’s tongue the hypoglossal nerves had been freed 
from their sympathetic component by aseptic removal of both superior 
cervical ganglia, under ether anesthesia, a few weeks before the experi- 
ment was made. 

Gastrocnemius. In experiments on the gastrocnemius muscle of the 
cat and dog, the stimulation was in most cases through ventral spinal 
roots. In the animal under chloralose the sympathetic chain, on the side 
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chosen for experiment, was first removed, through an abdominal incision, 
from the fourth lumbar to the first sacral ganglion. The muscles covering 
the lumbar vertebre were then dissected away, and the neural arches 
removed from as many vertebre as necessary, for later exposure of the 
required roots, with careful hemostasis at each stage. The popliteal 
artery and vein were then prepared, all branches except those to and from 
the gastrocnemius being tied. The Achilles tendon was isolated and a 
strong ligature passed under it, round the whole of the other tissues of the 
leg above the ankle. The saphena veins were separately tied. Mass liga- 
tures were also tied round the thigh muscles above the knee, leaving the 
main vessels and the sciatic nerve free. The crural nerve was cut at the 
groin. A stout steel rod was pushed through a hole drilled in the lower 
end of the femur, enabling that bone to be fixed by a clamp, so that 
muscular contractions would not drag on the popliteal vessels and in- 
terfere with the perfusion. The roots to be stimulated were now exposed 
by opening the dura mater. The dorsal roots were separated, and, unless 
required for control stimulation, were completely removed, so as to leave 
good lengths of ventral roots for stimulation, without danger of stimulating 
dorsal roots by escape of current. The ventral roots of the side not under 
experiment were similarly removed. The last lumbar and first two sacral 
roots on the experimental side were then tied with fine ligatures close to 
the cord. These roots were separately tested with short faradic stimuli, 
those being kept which caused contractions of the gastrocnemius. These 
were tied together for stimulation, or, in some cases, left attached to a 
segment of the cord, which could be raised with them for stimulation. 
The cannule were then tied into the popliteal vessels and the perfusion 
begun. If the exclusion of collateral circulation had not been sufficient to 
render the venous effluent free from blood, this was effected by lowering 
the blood-pressure by bleeding. It was not considered desirable, in this 
case, to deprive the whole nervous pathway, from the roots to the 
gastrocnemius, completely of its blood supply by killing the animal. 
In a few experiments, however, in which the whole sciatic nerve was 
stimulated, or in which the gastrocnemius muscle was stimulated directly, 
the preparation was isolated completely after the perfusion had been 
started, by killing the animal and cutting through the femur. | 

eps extensor femoris. To exclude by degeneration the sym- 
pathetic nerve endings on the blood vessels, which could not easily be 
effected with the gastrocnemius, a few experiments were made on the 
quadriceps extensor mass of the dog’s thigh. By aseptic operation under 
ether, the sympathetic chain, from the third lumbar to the first or second 
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sacral ganglion on the experimental side, together with the first sacral 
ganglion of the other side, was removed some weeks beforehand. At the 
experiment the quadriceps was isolated by dividing all the other muscles 
of the thigh, the ilio-psoas and the gluteal muscles between ligatures. 
The leg was amputated at the knee joint. The perfusion cannule were 
tied into the femoral artery and vein, all branches except those to the 
quadriceps being tied. Further to minimize collateral circulation, a 
ligature was tied round the quadriceps mass above the entry of the vessels 
and nerves supplying it. Stimulation was through the appropriate lum- 
bar ventral roots, or, in some cases, through the crural trunk. 

Frog’s legs. Large specimens of Hungarian R. esculenta were used. 
The frog was killed by decapitation and skinned. The abdominal sym- 
pathetic chains of both sides were removed. Perfusion was through the 
abdominal aorta and the anterior abdominal vein, the renal portal veins 
being tied. The roots of the lumbo-sacral plexus were exposed in the spinal 
canal, dorsal and ventral roots being tied separately and prepared for 
stimulation. The perfusion fluid was oxygenated Ringer’s solution, con- 
taining 1 part of eserine in 3-5 x 10°. A perfusion pressure of 25-35 c. c. 
of solution was found to give a convenient rate of outflow of about 1 c. c. 
per minute. 

Stimulation. For stimulation the nerves or roots were laid across a 
suitable pair of chlorided silver electrodes. Direct stimulation of muscles 
was made through electrodes in the forms of chlorided silver pins, one 
impaling the muscle near its tendon of insertion, and the other, of several 
pins, penetrating the muscle near its origin. The stimuli used were 
maximal break shocks from a secondary coil, Lewis’s rotating interruptor 
being used so as to give from 5 to 15 shocks per second. This method, 
causing a rhythmic series of twitches, was chosen in preference to tetani- 
zation, so as to avoid impediment to the perfusion during the activity of 
the muscle. 

Rate of perfusion. As explained above, the unknown and irregular 
escape of some of the venous fluid by collateral channels made impossible 
a strict adjustment of the rate of flow to the size of the muscle perfused. 
A rough adjustment, however, had to be made; and it has already been 
indicated that venous fluid was collected from a cat’s tongue at about 
13 C. o., and from the hind legs of a large frog at about 1 c. c. per minute. 
For a cat’s gastrocnemius the rate of collection was 3-8 c.c., and for the 
quadriceps femoris of a large dog, sometimes as high as 25 c.c. per minute. 
An estimate of total output rate being impracticable, our main concern 
was to ensure that an increased liberation of acetylcholine was not masked, 
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on the one hand, by accelerated perfusion, or simulated, on the other, by 


retarded perfusion during the period of stimulation. Failing adjustment, 


the rate of perfusion was, in fact, always accelerated during a period of 
the rhythmic stimulation employed, especially during its latter part. 
This acceleration was approximately corrected by an assistant, who 
watched the rate of dropping from the vein cannula, and reduced the 
throw of the pump as required, so as to ensure that the rate was not un- 
duly accelerated during stimulation, but not, in any case, to retard it 
below the control rate. 

Tests for acetylcholine. Tests were made as usual on the preparation 
of leech muscle sensitized by eserine. The preparations used usually 
responded well to acetylcholine in a dilution of 1 in 5x 10°. The tonicity 
of the mammalian Locke’s solution had to be adjusted to that used for 
the leech by adding distilled water, and was then further diluted, if 
necessary, in accordance with its activity. The samples as collected were 
placed on ice and tested with as little delay as possible. In a number of 


experiments tests were also made on the blood-pressure of cats under 


chloralose, the sensitiveness of which to small doses of acetylcholine was, 
when necessary, increased by injecting eserine, and by restricting the 
circulation volume by removal of the abdominal viscera. For such tests 
the samples as collected were made acid to congo red by adding a drop of 
HCl solution, and then kept cold till the perfusion experiment was 
finished. The stability of the active substance could be tested by either 
method, and the test on the cat further enabled its sensitiveness to 
atropine to be demonstrated. 


REsvLts 
(1) Stimulation of purely motor fibres to voluntary muscles 
(a) Tongue of the cat. 

The perfusion being started, the rate adjusted, and a bloodless 
effluent obtained, control samples were tested on the leech. The earlier 
samples, after the rather prolonged dissection and manipulation, usually 
showed detectable amounts of a substance acting like acetylcholine, as 
Hess [1923] observed in his perfusions of frog muscle. The activity 
might be such as to correspond to an ACh. content of 1 in 4 x 10° of the 
undiluted fluid. This activity diminished rapidly, however, with suc- 
cessive samples, and, after perfusion for about half an hour, was no longer 
perceptible by the very delicate test. The hypoglossal nerves were then 
stimulated rhythmically, the tongue muscles responding with rhythmic 
contractions. The perfused muscles show rapid fatigue to the effects of 
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such stimuli, the initially vigorous contractions rapidly becoming weaker, 
until, at the end of a stimulation period of 2-3 min. they have practi- 
cally ceased. The stimulation was not continued when the muscles showed 
signs of this failure. The fluid collected during the stimulation showed a 
pronounced activity, in comparison with the inactive control. The con- 
trast is illustrated in Fig. 1 A and C. All the fluids in this experiment were 
tested in 50 p.c. dilutions. The control fluid, at A, has no significant action. 
At C the fluid collected during a first period of stimulation at 5 shocks 
per sec. was applied and produced an effect closely similar to that of a 
control solution of ACh. 1 in 108, applied at B; so that the undiluted 
effluent during stimulation would correspond in activity to ACh. 1 in 
5 * 107. The rate of outflow being 3 c.c. per min., the amount of ACh. 


Fig. I. Leech preparation; eserine 1 in 3 x 10° (same in Figs. 3, 4 and 5). A, C, D, E, F, G, 
H, venous fluids from cat’s tongue, 50 p. o. dilutions (details in text). B and J, control 
ACh. dilutions; B, 1 in 10°, J, 1 in 4 10. | 


actually collected in 1 min., apart from what escaped by anastomotic 
channels, was 0-06y. The active substance was still present in fluid 
collected after the stimulation period, but in rapidly diminishing © 
concentration in successive samples. Fig. 1 D shows the effect of fluid 
collected in the 2 min. after the end of stimulation, and E that of fluid 
collected 20 min. later. A second period of stimulation was then given, 
again causing vigorous contractions of the tongue at its commencement 
but with a more rapid onset of fatigue. The fluid collected during this 
second period, applied at F, was still highly active; and again the 
stimulating substance had almost disappeared from a further sample, 
applied at G, which was collected 20 min. after the end of the stimulation. 
Further periods of stimulation, after the second, were usually progressively 
ineffective, as regards both the contractile activity evoked in the tongue 
muscle and the concentration of stimulant substance in the venous fluid. 
Fig. 1 H shows the effect of the venous fluid collected during a third 
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and less effective period of stimulation. The 50 p.c. dilution at this stage 
is rather less active than ACh. 1 in 4x 10°, applied as a control at J. 

In the later period of the experiment, the tongue gradually becomes 
cedematous with the prolonged perfusion; and this not only lowers the 
activity of the fluid collected during stimulation, but causes the activity 
to disappear more slowly from successive subsequent samples. Even- 
tually, after four, five or more periods of stimulation, the tongue muscles 
fail to respond further, and the “stimulation” fluid is then not perceptibly 
more active than the control. 

Identity of substance released. The action on the leech muscle, though 
closely similar to that of acetylcholine, would not by itself identify it. In 
several cases, when the concentration in the stimulation effluent was 
sufficiently high, it was directly tested on the blood-pressure of the cat 
under chloralose, and the activity again matched against known doses 
of acetylcholine. In every case the match so obtained was identical with 
that obtained in the comparison made on the leech muscle. In every case, 
also, the effect on the blood-pressure was completely annulled by a small 
dose of atropine. In one experiment a larger volume of the effluent was 
collected, during several periods of stimulation, stabilized by acidifica- 
tion, and evaporated. to complete dryness under reduced pressure. The 
residue was extracted with dry alcohol, and this was evaporated again to 
dryness, its residue being finally taken up in saline. This solution was then 
accurately matched against acetylcholine on the eserinized leech prepara- 
tion, and a solution of acetylcholine corresponding with it in activity, as so 
determined, was prepared, the actual concentration required being 1 in 
2x10’. These solutions (S and AC) were then compared against one 
another on the blood-pressure of a cat under chloralose, the record of the 
comparison being shown in Fig. 2. It will be seen that in doses of 1 and 
0-5 c.c. the two solutions gave indistinguishable effects. The cat was then 
given 0-15 mg. of eserine per kg. intravenously, and after 15 min. the 


comparison of the two solutions was repeated (Fig. 26). It will be seen 


that 0-5 c.c. of the concentrated effluent again accurately matches 0-5 C. c. 
of the ACh. solution, the effect of both being intensified to the same ex- 
tent, in comparison with their earlier effects. Finally, after 1 mg. of 
atropine, the effects of both solutions were annulled (Fig. 2c). 

If the effluent was made alkaline by adding one-tenth of its volume 
of N/10 NaOH, allowed to stand for 20 min. at the room temperature and 
then reneutralized with HCl, its actions on the leech and the blood-pressure 
were found to have disappeared. Since the perfusion fluid contained 
eserine, it was not possible to test directly the sensitiveness to esterase 
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of the active substance after collection. Indirectly, however, its liability 


to esterase was demonstrated by an experiment in which the tongue was 
perfused with Locke’s solution containing no eserine. Under these con- 
ditions the muscles responded as usual to hypoglossal stimulation, but no 
trace of stimulant action on the previously eserinized leech muscle was 
acquired by the effluent. The stimulation was repeated several times, with 
a similarly negative result, until the tongue muscle ceased to respond. 
The perfusion fluid remained throughout free from any trace of a sub- 
stance acting like acetylcholine. Eserine was then added to the perfusion 
fluid in the usual concentration of 1 in 5 x 10°. In the subsequent period 
of stimulation there was an obvious renewed response of the tongue 


muscles to the nerve impulses, and the venous fluid now acquired the 


Fig. 2. Carotid blood-pressure of cat under chloralose. Injections (i.v.) of & = concentrated 
venous effluent from tongue (see text), and AC =acetylcholine in dilution matching 8 
in the leech test. a, before eserine; b, after eserine; c, after atropine. 


usual stimulant action on the leech muscle. The revival of muscular 
response is of interest, but it would not be proper to emphasize its sig- 
nificance on the basis of one observation. For our present purpose the 
point of importance is the appearance of the stimulant substance in the 
venous effluent, whereas without eserine it had been consistently absent, 
even when the muscle contracted well. The substance is normally de- 
stroyed on the way from the site of its liberation to the perfusion fluid, 
but is protected from this destruction by eserine. We are dealing, then, 
with a substance stable in acid and rapidly destroyed in dilute alkali; 

protected by eserine from destruction in the tissues; equivalent to the 
same doses of acetylcholine when tested on the eserinized leech muscle 
and on the cat’s blood-pressure, before and after eserine; and having its 
action on the cat’s blood-pressure annulled by atropine in e with 
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that of acetylcholine. There can be no real ground for doubting that it is 
acetylcholine itself. 

Nerve fibres concerned. The tongue muscles and the hypoglossal nerve 
were chosen, in the first instance, because of the readiness with which this 
motor nerve could be freed, by degeneration, from sympathetic fibres 
joining it from the superior cervical ganglion. In most of the experi- 
ments above described, both ganglia had been aseptically removed some 
weeks before the experiment. The hypoglossal nerve has the further ad- 
vantage that the sensory supply to the tongue runs separately in the 
lingual nerve, and is not stimulated. Langworthy [1924], has shown, 
however, that the cat’s hypoglossal nerve often contains a vestigial sen- 
sory ganglion, in the form of a few cells of sensory type embedded among 
its fibres. There is no evidence that these are connected with sensory 
fibres from the tongue; the available evidence, indeed, connects them 
rather with fibres from the infrahyoid muscle,’ not included in our per- 
fusion. There was little likelihood, in any case, that this trivial and in- 
constant sensory component of the hypoglossal nerve would be respon- 
sible for the regular liberation of acetylcholine from the tongue, in the 
significant amounts which we obtained on stimulating the nerve. The 
exclusion of all sensory elements, however, was even more complete in the 
later experiments on leg muscles. Another possibility which gave us some 
concern was that of a mechanical stimulation, by the muscular contrac- 
tions, of the fibres and endings of the cholinergic chorda tympani, in con- 
nection with the blood vessels of the tongue and the glands in its mucous 
membrane. In several experiments, accordingly, the chorda tympani was 
also cut by aseptic operation, at a point before its junction with the 
lingual nerve, and allowed to degenerate completely before the experi- 
ment, without affecting the result; stimulation of the hypoglossal, freed 
from sympathetic fibres, still caused liberation of acetylcholine from the 
parasympathetically denervated tongue. In another experiment the 
whole chorda-lingual nerve was cut on one side by previous operation and 
allowed to degenerate. The margin of the insensitive half of the tongue 
had been indented by biting before the experiment was performed. The 
two halves of the tongue were perfused separately on this occasion, and 
there was no significant difference in their yields of acetylcholine in 
response to stimulation of their respective hypoglossal nerves. 

We shall see later that the mechanical stimulation of atte Meuse! 
fibres, together with other possibilities, can be more easily excluded by 
the use of curarine. At the present stage we had established a very ns 

Personal communication from Dr D. H. Barron. 
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_ presumption that the observed liberation of acetylcholine was due to the 


impulses passing along motor nerve fibres to excite voluntary muscle 


fibres. For the further testing of this presumption we turned to other 


muscles. 
(b) Gastrocnemius. 


Cat. The experiments on the cat’s gastrocnemius were less successful 
than those on the tongue. After the rather long preliminary preparation, 
and the further period required to obtain a bloodless perfusate, we found, 
in several cases, that the muscle failed to respond to maximal stimulation 
of the ventral roots, or responded very weakly. In such cases we failed 
to observe any liberation of acetylcholine during the stimulation. The 
sciatic nerve was then isolated in the thigh, cut and stimulated peri- 
pherally, and the resulting contractions of the gastrocnemius were accom- 
panied by the appearance of acetylcholine in the venous fluid. This latter 
form of stimulation, however, involved the sympathetic and sensory 
fibres running in the nerve, and the result was not beyond criticism for 
our purpose. We may confine attention, therefore, to two experiments in 
which the roots remained satisfactorily sensitive, the muscle responding 
when they were stimulated. As in the tongue perfusion, the first samples 
of perfusion fluid, after it had become free from blood, still contained 
perceptible traces of acetylcholine. These, however, rapidly disappeared 
with continued perfusion. When blank controls had been obtained, the 
roots were stimulated for a period, and with the contractions of the 
gastrocnemius acetylcholine appeared in the venous fluid, rapidly dis- 
appearing again with continued perfusion after the stimulation was 
stopped. The concentration reached during the stimulation was never 
high, being about 1 in 4x 106; on the other hand, the response of this 
muscle to the root stimulation was never vigorous, even in the most 
successful experiments. 

Dog. The sensitiveness of the dog’s roots, as shown by the response of 
the muscle to their stimulation, survived the conditions of the experi- 
ment much better. The first samples of clear venous fluid showed a weak 
activity on the leech muscle, but practically inactive controls were soon 
obtained with continued perfusion. Before the motor roots were stimu- 
lated, in some experiments, a further control sample was collected during 
a period of stimulation of the corresponding sensory roots. Fig. 3 shows 
the record from such an experiment. In all cases the venous fluid was 
applied in 75 p.c. dilution. A shows the negative effect of a blank control, 
B that of the fluid collected during stimulation of the sensory roots, and 
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C the response of the leech muscle to ACh. 1 in 10°, given for calibration. 
At D a further resting control sample was applied, and at E the venous 


fluid collected during a period of stimulation of the motor roots, causing 


contractions of the gastrocnemius. At F a sample collected 2 min. after 
the end of stimulation was tested, and at G a sample collected after a 
further 20 min. perfusion, by which time the effluent was again practically 
inactive. The sequence could be repeated with a second period of stimu- 
lation, but with later periods the response of the muscle, and the con- 
current output of acetylcholine, declined together. As with the tongue, 
if perfusion was continued till the muscle had become visibly oedematous, 
the appearance in the effluent, of the acetylcholine liberated during stimu- 
lation, was delayed and prolonged. Results like the above could be ob- 
tained regularly in experiments on the dog’s gastrocnemius, stimulated 


Fig. 3. A, B, D, E, F, G, from dog ¥ gastrocnemius, 78 p.c. dilution 
(see text). C, ACh. 1 in 10°. 


through the motor roots. The concentration of 3 in the stimu- 


lation effluent did not rise above about 1 in 2 x 10, and was accordingly 
lower than that observed in successful experiments on the tongue. On the 
assumption that the acetylcholine is liberated by the arrival of impulses 
at the motor nerve endings, for which evidence will be given later, it may 
be suggested that the leg muscles, with their relatively long fibres and 
consequently large mass perfused in relation to the number of nerve 
endings, might be expected to yield a lower concentration in the venous 
fluid than the comparatively short-fibred muscles of the tongue. The crude 
adjustment of the perfusion rate to the size of the muscle, however, for- 
bids any attempts at calculation. 

Identification. The substance from the gastrocnemius, like that from 
the tongue, behaved like acetylcholine in its instability to alkali, and its 
action on the cat’s arterial pressure, abolished by atropine. It was further 
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shown, in one experiment, that an effluent, active on the leech muscle 
previously sensitized by eserine, had no immediate action on a control 
strip which had not been so treated. 


(e) Quadriceps extensor femoris (dog). 

As mentioned earlier, a few experiments were performed on this 
muscle mass because it could be freed from sympathetic nerve endings, 
by degeneration following removal of the abdominal sympathetic chain 
at a preliminary operation. The results obtained by stimulating the 
appropriate ventral nerve roots were closely similar to those obtained 
with the gastrocnemius, acetylcholine in 1 in 4 * 10° appearing in the 
venous effluent, during contractions of the muscle evoked by such stimu- 
lation. The mechanical stimulation of cholinergic sympathetic fibres and 
endings could, therefore, be excluded as a possible source. In one experi- 
ment the dorsal roots were also stimulated, with negative result. 


d) Hind leg muscles of the frog. 


The object of these experiments was to identify the nerve fibres, 
responsible for the output of something like acetylcholine from the per- 
fused frog’s muscles, which Hess [1923] and others had observed with 
stimulation of the mixed nerve supply. 
The results were very similar to those 
we had already obtained with mam 3 
malian muscles. At the beginning of 
the perfusion, perceptible amounts of 
acetylcholine appeared in the venous 
fluid from the unstimulated muscles, 9 
and these disappeared as the perfusion 3 
was continued. Stimulation of the 
ventral roots, the sympathetic chain pig. 4. Venous fluids from skinned hind- 
being extirpated, then regularly caused 2 
the appearance of acetylcholine in the fluid as B, after treatment with alkali. 
venous fluid. The concentrations were 
low, 1 in 2 x 10® being the maximum obtained. The activity of the fluid, 
as in the mammalian experiments, slowly disappeared with continued 
perfusion, and reappeared on renewed stimulation. In two experiments 
the sympathetic chain was preserved and directly stimulated, causing 
vaso-constriction, as shown by retarded perfusion; but no acetylcholine 
appeared. In several experiments the dorsal roots were stimulated with 
completely negative results. In one experiment only, a perceptible 
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quantity of something acting on the leech like acetylcholine appeared in 
the venous fluid at an interval of 10 min. after a period of sensory root 
stimulation. This result cannot properly be regarded as related to the 
stimulation, and it is only recorded as a presumably accidental, and 
obviously doubtful exception to otherwise completely negative results. 
Fig. 4 shows tests, on the eserine treated leech preparation, of a control 
fluid at A, fluid collected during effective motor root stimulation at B, 
and a portion of the same fluid after standing with alkali and reneutraliza- 
tion, at C. These experiments show that the substance detected by pre- 
vious observers, as liberated during the stimulation of the mixed nerve 
supply, is produced by stimulation of the motor fibres to voluntary 
muscle, and has the instability to alkali of acetylcholine. 


(2) Direct stimulation of muscles 
We have seen that, when stimulation of the motor fibres failed to 
produce contractions of the muscle, acetylcholine was no longer liberated. 


It was possible, therefore, that it might come from the muscle fibres 


themselves, as a by-product of the contractile process. It was further 
possible that fluid collecting in inadequately perfused areas, or in the 
tissue between the muscle fibres, might acquire acetylcholine from some 
source, and that contractions might mechanically press some of it into 
the perfusion stream. To test these possibilities we first studied the 
effects of producing contractions of the muscle by direct stimulation. A 
normally innervated muscle cannot be effectively stimulated without 
stimulating, at the same time, the branches and endings of motor nerve 
fibres in its substance. We accordingly made comparative experiments 
on normal muscles, and on corresponding muscles denervated by degene- 
ration. The muscles chosen were again the gastrocnemius of the cat and 
the dog and the quadriceps extensor femoris of the dog, the sciatic or 
crural nerve on one side having been divided aseptically under ether 
10 days previously. 

The results with direct stimulation of the normally innervated 
muscles were not different from those produced by stimulating a similar 
muscle through its motor nerve supply. The first samples of venous 
effluent contained some acetylcholine, which disappeared with further 
perfusion. Stimulation of the muscle then caused acetylcholine to 
appear, as with motor nerve stimulation, and it disappeared as usual 
with further perfusion. With the denervated muscle the results were 
entirely different. In the first plac~, even the earliest samples of venous 
fluid, after it had become free from blood, showed no significant activity 
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on the most sensitive leech preparation. Further, though the muscle 


contracted powerfully in response to direct stimulation, no trace of 


activity was shown by the fluid collected during or after the stimulation 
period. A comparison between the results obtained with a normal cat’s 
gastrocnemius and the denervated gastrocnemius of the other leg, 


similarly perfused and tested in succession, is illustrated in Fig. 5. The 


venous fluids were tested in 75 p. o. dilutions. At A the control fluid from 
the denervated muscle was tested, and at B the fluid collected while the 
muscle was contracting vigorously in response to direct stimulation. In 
neither case is any trace of activity to be detected. (The small and brief 
rises of the writing point are accidental mechanical effects of emptying 


Fig. 5. Venous fluids from gastrocnemius muscles of cat, in 75 p.c. dilution. A and B from 
denervated muscle, A resting, B during stimulation; C and D from normal muscle, 
C resting, D during stimulation. 


the testing bath and refilling with the test fluid.) At C the control fluid 
from the normal muscle was tested, and at D that collected during direct 
stimulation of that muscle. 

An experiment on a dog’s quadriceps, deprived of its sympathetic 
supply by degeneration but otherwise normally innervated, showed that 
it gave the usual yield of acetylcholine to direct stimulation. Another 
experiment on a sympathetically denervated quadriceps gave a result of 
special interest. This muscle had initially responded normally by con- 
tractions, with output of acetylcholine, to motor nerve stimulation. 
With continued perfusion successive periods of such stimulation had been 
progressively less effective, till finally the muscle no longer contracted or 
yielded acetylcholine, with renewed stimulation of the nerve. Direct 
stimulation being now applied, the muscle contracted vigorously, but no 
trace of acetylcholine appeared in the venous fluid. The mechanism con- 
cerned with transmission of the excitatory process from the nerve to the 
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muscle fibres being exhausted, acetylcholine was no longer liberated, 
though the muscle contracted well. The muscle, in this respect, behaved 
now like one which had been denervated. 


(3) Curarine | 


Some of the results described in the foregoing section might still find 
a conceivable explanation in the passage of acetylcholine from some 
source into stagnant fluid in the muscle, and the mechanical expression of 
some of this into the circulation by the contractions. It would be neces- 
sary then to assume, indeed, that this source disappeared with degenera- 
tion of the nerves and their endings, and that it could be exhausted with 
repeated stimulation of the nerve to the perfused muscle. It was im- 
portant, however, to find conditions under which the effects of motor 
nerve stimulation could be tested, in the complete absence of muscular 
response. The use of curarine provided the required condition, and gave a 
decisive result. 

Experiments were made on the perfused cat’s tongue, stimulated 
through the hypoglossal nerves, deprived by degeneration of their 
sympathetic fibres. A little difficulty was experienced in adjusting the 
dose of curarine, in the necessary presence of eserine in the perfusion fluid, 
since eserine is well known to be an antagonist of the paralytic action of 
curare. With our usual concentration of eserine (1 in 5x 10°) curarine 
even in tenfold concentration (1 in 5 x 10*) did not always produce an 
immediate complete paralysis to the onset of a series of maximal break 
shocks, applied to the hypoglossal nerves. The experimental stimulation, 
however, for collection of the venous sample was not carried out until 
all trace of such initial response had disappeared, the tongue remaining 
completely passive during the whole period of stimulation. A venous 
sample was collected, as usual, during a control period, and another during 
the ineffective stimulation. The presence of curarine made it difficult to 
test the fluids accurately on the leech muscle, the response of which to 
acetylcholine is slowly paralysed by curarine. Their activity on the 
blood-pressure of a cat under chloralose, however, could be readily 
determined with some accuracy, in comparison with those of known 
concentrations of acetylcholine. The Locke’s solution, containing eserine ~ 
and curarine in the indicated concentrations, had by itself no perceptible 
effect on the blood-pressure. Fig. 6 shows a comparison of the depressor 
effects of the venous effluents collected in such an experiment, with those 
of two dilutions of acetylcholine. The volume injected was in each case 
2 c.c. At A the control venous fluid, collected just before stimulation, 
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Vos injected; at B the fluid collected during hypoglossal stimulation; at 


C and D acetylcholine in dilutions of 1 in 2 x 106 and 1 in 10° respectively. 
It will be seen that the stimulation effluent is slightly less active than 
ACh. 1 in 105 and much more active than ACh. 1 in 2x 108. That is to 
say, its activity in terms of acetylcholine is not different from that of a 
venous effluent obtained during hypoglossal stimulation from the un- 
curarized and actively contracting tongue, in an average, successful 
experiment. Between D and E 1 mg. of atropine was given, at E acetyl- 
choline 1 in 108 and at F the stimulation effluent. 


Fig. 6. Carotid blood-pressure of cat, eviscerated under chloralose. Eserine. A and B, 
2 c.c. (i. v.) of venous fluids from cat’s tongue under curarine. A before, B during motor 
nerve stimulation. C and D, 2 c. o. of ACh. dilutions; C, 1 in 2 x 10, D, 1 in 10°. E 
and F, same as at B and D, after 1-75 mg. atropine. 


The leech muscle is not rendered immediately insensitive to acetyl- 
choline by curarine, so that, although no comparison can be obtained 
between different fluids containing curarine applied in succession to the 
same preparation, a qualitative contrast was easily demonstrated by 
applying them to two symmetrical strips of leech, previously sensitized 
by eserine. A preliminary test with acetylcholine showed that one strip 
was slightly more sensitive than the other. The control venous fluid from 
the tongue before stimulation was then tested on the more sensitive strip, 
and produced no perceptible effect, while the fluid collected during the 
period of hypoglossal stimulation caused prompt contraction of the other, 
less sensitive strip. A further application of the same fluid, however, was 
ineffective, the muscle being now affected by the curarine. | 

Brinkman and Ruiter [1924] had already shown that curare did 
not prevent the liberation from the frog’s muscles, during nerve stimula- 
tion, of the substance stimulating the plain muscle of the cloaca. They 
stimulated the mixed nerves, however, and it seemed desirable to repeat 
the observation with stimulation of voluntary motor fibres only, through 
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the ventral roots, and with a different physiological test for acetyl- 
choline. The fluids were therefore compared on symmetrical leech strips, 
as above described, the hindlimbs of the frog being perfused with Ringer's 
solution containing both eserine and curarine. As with the tongue, the 
fluid collected before stimulation was inactive on one strip, while that 
collected during motor root stimulation, without contraction of the leg 
muscles, caused the usual contraction of the other leech preparation. 

The experiments on the curarized tongue gave opportunity for a 
passing observation on another point. In the experiments with eserine 
but without curarine, we had always observed a conspicuous acceleration 
of the venous outflow when the hypoglossal nerves, freed from sympa- 
thetic fibres, were rhythmically stimulated. We had suspected that vaso- 
dilatation due to acetylcholine had some part in this effect; but we could 
not exclude mechanical action of the rhythmically contracting muscles, 
or the action of products of the contractile metabolism. In the experi- 
ments with curarine in addition to eserine contractions were abolished, 
but the outflow was still accelerated, though only to the extent of 10 p.c., 
when the hypoglossal nerve was stimulated. When Locke’s solution 
containing curarine, without eserine, was used for perfusion, no vaso- 
dilatation was caused by hypoglossal stimulation, just as we had earlier 
found that, if eserine was not present, no acetylcholine appeared in the 
venous effluent. We may safely attribute this residual vaso-dilator effect, 
therefore, to acetylcholine leaking from the motor nerve endings and, if 
eserine is present, reaching the blood vessels, where it causes arterial 
dilatation and diffuses into the fluid passing through the capillaries. It 
should be pointed out that, in the absence of heavy doses of eserine, this 
action could play no part in the vaso-dilatation which accompanies the 
contraction of a muscle with normal circulation. 

These experiments with curarine show quite definitely that the 
appearance of acetylcholine in the perfusion fluid is not directly or in- 
directly connected with contraction of the muscle fibres. Feldberg and 
Vartiainen, in their experiments on the vagus and sympathetic ganglia, 
failed to find evidence for the liberation of acetylcholine by impulses 
passing along uninjured nerve fibres in continuity. We have had the 
privilege of reading in advance a forthcoming paper by Gaddum and 
Khayyal, who have observed the liberation of a small quantity of a 
substance acting on the leech like ACh., when faradic stimulation is 

applied to the end of a longer stretch of vagosympathetic (preganglionic) 
nerve. Without anticipating the details of this publication, we may say 
that, if the intramuscular portions of motor nerves * acetylcholine 
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at the maximum rate observed by Gaddumand K hayyal, it would not 
make a significant contribution to the amount which we have obtained 
from the tongue during motor nerve stimulation. The only supposition 
which accords with our facts is that a motor nerve impulse, on reaching 
the nerve ending, there liberates a small charge of acetylcholine, in close 
proximity to the motor end plate or other structure immediately subjacent 
to the nerve ending ; and that this liberation is not affected by curarine, in 
a dose sufficient to prevent the response of the muscle fibre to excitation by 
the nerve impulse. 
Discussion 


There is an obvious analogy between the release of acetylcholine by 
impulses arriving at motor nerve endings in voluntary muscle, for which 
evidence has been here presented, and its release by impulses reaching the 
endings of preganglionic fibres in ganglionic synapses. In both cases the 
chief interest of the phenomenon centres in the question of its relation to 
the transmission of the excitatory process, with very little delay, across 
the anatomical discontinuity usually regarded as existing between the 
nerve terminal, on the one hand, and the ganglion cell or muscle fibre on 
the other. It may be noted that Samojloff [1925] concluded, from its 
high temperature coefficient (Av. = 2-37), that the conduction of excita- 
tion from motor nerve ending to voluntary muscle involved a chemical 
process of some kind. He even suggested that a stimulant substance 
might be liberated at the nerve endings, and drew an analogy from 
Loewi's observations on the nervous control of the heart. 

In the case of the sympathetic ganglion, the direct excitatory effect 
upon the cells exhibited by acetylcholine with artificial application is of 
the “nicotine” type [Dale, 1914], being annulled by the secondary, de- 
pressant effect of nicotine itself, or by curarine in sufficient concentration 
[Brown and Feldberg, 1936], but resistant to atropine. It has been 
shown [Feldberg and Gaddum, 1934; Feldberg and Vartiainen, 
1934] that acetylcholine may escape into the fluid perfusing a ganglion, 
during preganglionic stimulation, in a concentration which excites the cells 
to the output of impulses, when it is artificially injected into the perfused 
ganglion; and it has been argued that this indicates its release at the 
synapses in a concentration which cannot be without excitatory effect. 
In the case of the voluntary muscle the position is less clear, owing to the 
relatively low concentration of acetylcholine in the perfusion effluent 
during motor stimulation, the reason for which has been already dis- 
cussed, and to the more complex nature of the stimulant actions of 
acetylcholine, when artificially applied to various types of voluntary 
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muscle. Striated, involuntary muscle fibres can, indeed, be found, such as 
the outer, striated muscle coat of the intestine in certain fishes [Méhes 
and Wolsky, 1932], and the sphincter of the pupil in birds, innervated 
by parasympathetic nerve fibres and responding to the application of 
acetylcholine with a type of contraction closely simulating the effects of 
impulses in those nerves; and in such cases the effects of acetylcholine 
and of parasympathetic impulses differ from those on analogous layers of 
plain muscle, only in the quickness of the contractile response and in its 
suppression by curare instead of by atropine. 

The reactions to acetylcholine shown by the voluntary striated 
muscles of different vertebrates, on the other hand, are complex and 
variable, and it is necessary to consider them in some detail. In the first 
place, certain normal muscles of the frog, the tortoise and the bird exhibit 
a prolonged type of contracture, of low tension, in response to nicotine 
and to various bases which resemble it in action. Riesser and 
Neuschlosz [1921] first showed that acetylcholine produced this type 
of effect in relatively low concentrations. It was subsequently shown 
[Sommerkamp, 1928; Wachholder and Ledebur, 1930] that there 
are wide differences in the sensitiveness of different muscles of the frog 
and the tortoise to this action of acetylcholine, corresponding to differences 
in the prominence of contracture in their natural functions; and, according 
to Plattner and Krannich[1932], the same muscles show corresponding 
differences in the amounts of acetylcholine which they yield to artificial 
extraction. This contracture is relatively resistant to curare, and some- 
what sensitive to atropine [Riesser and Neuschlosz, 1921]. Although 
it seems likely that this type of response has some relation to the normal, 
functional contractures exhibited by such muscles, it would be difficult to 
make a case for a participation of acetylcholine in the excitation of 
voluntary muscle fibres to quick contractions by motor nerve impulses, 
if this were the only detectable type of reaction shown by skeletal muscle 
to its artificial application. There is, however, another type of reaction, 
which the predominant interest given to muscles showing the contracture 
has been apt to obscure. 

Langley [1907], in his experiments with nicotine on the frog’s 

sartorius, showed that it first produced twitches, and a quick type of 
contraction resembling a short tetanus, prior to the slowly developing 
contracture. He made the significant observation that, with punctiform 
application of the alkaloid in low concentrations, the quick reactions 
could only be elicited from the neighbourhood of the nerve endings, from 
which the excitation was apparently propagated, whereas the contracture, 


Pe 
os 
— 
a > 
* 
at 
a 
Aj 
. 
al 
K. 
Ps 
4 
ie. 
5 
& 
* 
. 
3 
ng 
4 
* 
sah 4 7 


ACETYLCHOLINE AT MOTOR NERVE ENDINGS 375 


while it could be produced in any part of the muscle fibres, usually re- 
mained localized to the region of application. Sommerkamp [1928] 
found that some frog’s muscles give only quick contractions when im- 
mersed in acetylcholine; while others respond mainly by contracture. In 
the ilio-fibularis musele the contracture was limited to a small part of the 
muscle, separable by dissection ; the remainder, freed from it, gave only a 
quick, evanescent contraction, when immersed in ACh. 1 in 10°. The 
normally innervated voluntary muscles of the mammal, with the excep- 
tion of the small muscles moving the eyeball [Duke-Elder, 1930], are 
often regarded as insensitive to acetylcholine. They do, indeed show a 
striking contrast in this respect, under ordinary experimental conditions, 
to muscles denervated by motor fibre degeneration, which respond to very 
small injections of acetylcholine with a slow type of contraction. Feld- 
berg and Minz [1931] and Feldberg [19335], however, observed quick 
contractions and fibrillation of normal mammalian muscles when acetyl- 
choline was injected in moderate doses (0-01-0-2 mg.) into the arteries 
supplying them. According to the Simonarts [1935 a] the response of 
normal mammalian muscles to acetylcholine is very readily depressed by 
ether. In rabbits and cats in the early stages of anesthesia by a barbiturate, — 
or in spinal preparations freed from the preliminary ether by prolonged 
ventilation, he observed quick contractions of the muscles, unaffected by 
fresh section of the nerve supply, when doses of acetylcholine of the order 
of Img. were injected intravenously. The reaction was unaffected by atro- 
pine, which, indeed, had to be given in advance, to eliminate the effects 
of such doses of acetylcholine on the heart and the blood vessels. On the 
other hand, the Simonart s found them to be suppressed by a quaternary 
ammonium salt having a curare action. Acetylcholine solutions applied 
to the bared surface of a muscle, or injected by a fine needle into its 
substance, caused brisk and fugitive contractions of fibres, or of whole 
bundles, localized to the neighbourhood of the application. In a more 
recent paper A. Simonart [19355] describes results obtained with the 
more effective method of arterial injection. As was to be expected, 
the threshold dose of ACh. for normal cat’s muscle was much lower by 
this method, and the tensions recorded with larger doses were of the 
order of those obtained with maximal indirect faradization. Curare 
readily abolished these effects. We hope to deal further with this aspect 
of our problem in a later paper. 

Admittedly there are points still requiring further investigation. The 
nature of the reaction of denervated mammalian muscle to the quicker 
but less sensitive reaction of normal mammalian muscle, on the one 
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hand, and to the persistent contracture of low tension shown by certain 
frog muscles on the other, does not seem to be adequately defined by 
the present evidence. In the case of the mammalian muscles, the facts 
still suggest that the presence of the normal nerve ending in some way 
hinders the access, to the sensitive point on the muscle fibre, of acetyl- 
choline applied from without; just as we found that, with normal circu- 
lation, there appears to be some hindrance to the escape of acetylcholine 
from the neighbourhood of the motor nerve endings, where it is liberated 
by nerve impulses. It may be remarked that such restriction would not be 
unexpected, in a muscle consisting of fibres which can act as independent 
physiological units. However that may be, the point requiring emphasis 
for our purpose is the distinction between the quick contractions elicited 
by acetylcholine, apparently, on Langley’s evidence, by excitation of the 
structures immediately subjacent to the motor nerve endings, and the 
persistent contractures produced in certain amphibian and other muscles. 

As in the case of the ganglion synapses, the failure of eserine under 
normal conditions to facilitate or to prolong the excitatory effect of a 
motor nerve impulse, appears to have been regarded as evidence against 
the participation of acetylcholine in the transmission of the excitatory 

process [Kruta, 1935]. In neither case does the argument appear to us 
well founded. The motor nerve ending is in such immediate contact with 
the nucleated end plate or other structure, from which the excitatory 
process in the muscle fibre must start, that there is no room for destruc- 
tion of acetylcholine during diffusion to its points of action, from which 
eserine might protect it. On the other hand, when acetylcholine has to 
reach muscle fibres by diffusion from a solution in which the whole muscle 
is immersed, the effect of lowdilutions in producing contracture should be 
enhanced by eserine, as K ruta found it to be; just as we have found that 
eserine is necessary to protect acetylcholine during diffusion from the 
points of its release into the blood vessels. 

The transmission of the effects of nerve impulses by a chemical sub- 
stance, reaching the effector cells by diffusion, is now an accepted fact in 
the case of simpler types of contractile cells and tissues, usually displaying 
an automatic activity which the nerve impulses may modify in either 
direction. Such transmission by a diffusible stimulant can now be traced 
in the nervous control of most involuntary muscle, including, as we have 
seen, some which is striated and relatively quick in contraction. The 
question which here concerns us is whether in voluntary striated muscle, 
specialized for the quick contraction of individual fibres in response to 
nerve impulses, and normally at rest in their absence, this more primitive, 
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chemical method of transmission has been superseded by an entirely 
different one, in which the chemico-physical disturbance constituting the 
nerve impulse passes, by continuous propagation, on to the muscle fibre; 
or whether, on the other hand, the required specialization has been effected 
by concentrating the release and the action of the chemical stimulant at 
the point of immediate contact of the nerve ending with the muscle 
fibre. An analogous question has already arisen in connection with the 
response to nerve impulses of more than one plain muscle structure. 
Henderson and Roepke [1934] find that stimulation of the pelvic nerve 
causes two kinds of reaction of the plain muscle of the urinary bladder— 
a quick contraction and a maintained tonus. They find that atropine 
readily abolishes the maintained tonus, just as it abolishes the response 
to acetylcholine applied from without, leaving the quick contraction. 
Similarly Bacq and Monnier [1935] distinguish a quick and a slow com- 
ponent in the response to stimulation of the cervical sympathetic nerve 
of the plain muscle retracting the nictitating membrane. They find that a 
synthetic substance F. 933” depresses the slow component, and with it 
the response to adrenaline, leaving the quick reaction unaffected, or even 
apparently enhanced. In both cases the observers suggest that the slower 
reaction is due to chemical transmission, but that this form of control is 
supplemented by the presence of certain nerve fibres ending directly in 
plain muscle cells, the propagated change constituting the nerve impulse 
being directly continued from these to the plain muscle, without chemical 
intervention. The number of nerve endings in such sheets of plain 
muscle is known to be small, in relation to the number of muscle cells. It 
appears to us that the quick reactions, in both these cases, may equally 
well be explained by the liberation of the transmitter in high concentra- 
tion in immediate relation to, possibly within the limiting membranes of, 
the directly innervated cells; the slow reaction being then evoked by its 


_ escape and secondary diffusion on to other cells, in a manner analogous 


to its artificial application through the blood stream or from the surface. 
In the case of the vaso-dilator effect of the chorda tympani on the blood 
vessels of the tongue, which is typically resistant to atropine, there is 
direct evidence of such escape by diffusion of a chemical transmitter with 
all the properties of acetylcholine, causing contracture of adjacent 
voluntary muscle fibres if these have been denervated [Bremer and 
Rylant, 1924; Dale and Gaddum, 1930], and appearing in the blood or 
perfusion fluid flowing from the tongue [ Feldberg, 1933a; Bain, 1933]. 

If Henderson and Roepke, Bacq and Monnier were right in 
postulating a supplementary, direct transmission of nerve impulses to 
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plain muscle, when quick contraction is required, we should expect it to 
supersede entirely the chemical method of transmission, for nerve im- 
pulses causing excitation of the very rapid and individually reacting 
fibres of skeletal muscle, giving a single twitch, with minimal transmission 
delay, in response to each impulse. Similarly we should expect such a 
direct method of transmission at a ganglionic synapse, where each pre- 
ganglionic impulse can evoke a single postganglionic impulse, again with 
minimal transmission delay. Such a conception, however, leaves us with 
no explanation of the release of acetylcholine at the preganglionic and the 
motor nerve endings. This can hardly be the survival of an archaic form 
of transmission, no longer having any function. In the ganglion acetyl- 
choline has been shown to be liberated in a concentration which effectively 
stimulates ganglion cells; while in the muscle we have shown that, when 
the liberation of acetylcholine fails by exhaustion, the excitation of the 
muscle no longer occurs. There seem to be two possibilities. 

(1) That the propagated disturbance in the nerve fibre is directly 
transmitted to the effector cell, but that the latter cannot accept it for 
further propagation unless sensitized by the action of the acetylcholine, 
which appears with its arrival at the nerve ending. Such an hypothesis 

might be stated in terms of Lapicque’s well-known conception, by 
supposing that the action of acetylcholine shortens the chronaxie of the 
nerve cell, or of the motor end plate of the muscle fibre, so that it is 
momentarily attuned to that of the nerve. H. Frederic [1924] has 
observed, indeed, a shortening of the chronaxie of heart muscle by 
acetylcholine. 
(2) That the acetylcholine, in these as in other cases, acts as the 
direct stimulant of nerve cell or muscle end plate, releasing an essentially 
new propagated wave of excitation in postganglionic nerve or muscle 
fibre, which, however, may so resemble that in the preganglionic or motor 
nerve fibre as to simulate an unbroken propagation. On this view there is 
no introduction of a new form of transmission, in evolution from the 
slowest and most primitive to the most rapid and specialized. The re- 
quired rapidity of transmission is attained by concentrating the release of 
the chemical transmitter on the actual surface of the responsive structure. 
Of the two possibilities, the latter appears to us to be more easily 
reconciled with the facts yet available concerning transmission at 
ganglionic synapses. The former would provide an explanation, alterna- 
tive to that which we have considered earlier, for the apparently low 
sensitiveness of some normal muscles to stimulation by acetylcholine. The 
shortness of the delay in transmission appears to cause no greater diffi- 
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culty for one conception than the other. The action of curare is ex- 
plicable, in either case, as rendering the receptive element resistant to 
the action of acetylcholine, whether this be merely to sensitize or directly 
to stimulate. On the existing evidence we favour the second conception, 
while admitting that further facts are required for the exclusion or the 
establishment of either. 

As in the case of transmission at the ganglionic synapse [cf. Feld- 
berg and Vartiainen, 1934], either of the above conceptions of the 
function of acetylcholine, in the transmission of excitation to the volun- 
tary muscle fibre, would require not only its liberation in immediate 
relation to the excitable structure, but presumably its very rapid dis- 
appearance when the excitatory wave in the muscle had been started. 
The known extreme liability of acetylcholine to the action of an esterase 
naturally comes to mind in that connection; but there is no direct experi- 
mental evidence to justify an assumption that this esterase is, in fact, 
responsible for removing acetylcholine from the site of its action in this 
case, and that eserine would, therefore, increase its persistence at that 
site. Nor can we predict the effect of such persistence on the trans- 
mission under particular conditions, if it could be proved to occur. 
All that our evidence shows is, that acetylcholine which has escaped 
from the sites of its liberation requires protection by eserine to enable 
it to diffuse into a fluid perfused through the blood vessels. 


SUMMARY 


1. Stimulation of the motor nerve fibres to perfused 3 muscle 
causes the appearance of acetylcholine in the venous fluid. 

2. Direct stimulation of a normal muscle, or of one deprived only of 
its autonomic nerve supply, has a similar result; but when the muscle is 
completely denervated no acetylcholine appears in response to effective 
stimulation. 

3. When transmission of excitation from the nerve to the perfused 
muscle is prevented by curarine, stimulation of the motor nerve fibres 
causes the usual release of acetylcholine. 

4. When conduction from motor nerve fibres to perfused muscle 
fails from exhaustion, after repeated stimulation, acetylcholine is no 
longer released by stimulation of either nerve or muscle. 

5. The function of acetylcholine 1 in the transmission of excitation from 
nerve to voluntary muscle is discussed. 


Weare indebted to Dr H. King for the supply of pure curarine, and to Dr H. Schrie ver 
for kind . in certain experiments. 
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THE CONSTRICTOR RESPONSE OF THE INFERIOR 
VENA CAVA TO STIMULATION OF THE 
SPLANCHNIC NERVE 


By K. J. FRANKLIN anp A. D. McLACHLIN 
(From the University Department of Pharmacology, Oxford) 
(Received January 31, 1936) 


DoneeGan [1921], in the first extensive study of the innervation of veins, 
was unable to record any response to electrical excitation on the part of 
the inferior vena cava, though he stimulated the lumbar and dorsal 
sympathetic cord, and the distal portion of the cut cervical cord. He 
obtained equally negative results with adrenaline, even in very high 
concentration. His findings with the drug are thus opposed to those of 
most other workers, both before and after him [Gunn and Chavasse, 
1913; Edmunds, 1915; Bricker, 1924; Franklin, 1925; Maloff, 1931; 
Franklin, 1933; Waterman, 1933]; indeed, the only negative findings, 
apart from Donegan’s, are some few in Bricker’s and Water man's 
series. The species, in which positive results have been obtained, are the 
rabbit, cat, dog, and man; in the first three of these reactions have been 
recorded in situ [Franklin, 1933], as well as with isolated preparations; 
the lowest effective concentration of adrenaline has been 1 in 140 million 
[ Waterman, 1933]. Inasmuch, then, as Donegan was misled with 
regard to adrenaline, doubt must also arise about his results with nerve 
stimulation, the more so as Michelazzi [1933] has described a copious 
nerve supply to the inferior vena cava in man, the dog, and the rabbit. 
The fibres are more numerous in the walls of this vein than they are in 
those of the aorta, and they are particularly abundant in two places, 
namely, distal to the liver and proximal to the iliac bifurcation. 
Michelazzi’s anatomical findings, however, have not yet received 
physiological confirmation; the experiments recorded in this paper were, 
therefore, a natural next step, though their actual conception dates from 
some observations made by one of us (K. J. F.) in 1928. 
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METHOD AND RESULTS 


It seemed to us most probable that the splanchnic nerve would carry 
constrictor impulses for the inferior vena cava, and our idea has been 
amply justified so far as the portion of the vein between the iliac and 
renal tributary entries is concerned. 

The first experiments were performed upon cats, anesthetized with 
ether and chloroform. In each case the abdomen was opened throughout 
its length by a mid-line incision, and the bladder, abdominal portion of 
the alimentary canal, and spleen removed. In the first cat the circulation 
was arrested by an overdose of anesthetic, and the inferior vena cava 
was found to respond by contraction to direct faradization of its walls. 
Search was then made for postganglionic nerve fibres, and about half-way 
between the right iliac and renal veins there was found a small nerve twig, 
which gave a number of fine branches to the vena cava. Distal faradic 
stimulation of the cut nerve resulted in a rather slow, localized diminution 
of about one-third in the calibre of the vein. The stimulation was repeated 
twice with similar results. A right-angled glass tube was tied in the vena 
cava caudal to the renal veins, and the nerve again stimulated; during 
stimulation there was a slight rise of fluid in the tube and after cessation 
of the stimulus a fall. Another nerve twig was found somewhat nearer 
the renal veins, and stimulation of its distal end gave results similar in 
sign, though less in degree; the least time for complete relaxation was 
10 sec. In the second cat the distal portion of the cut right splanchnic 
nerve was stimulated for 1 min. Before the stimulus was applied, the 
calibre of the vein at a selected point was 3-9 mm., 30 sec. after stimu- 
lation it was 2-9 mm., 90 and 150 sec. after stimulation 3-5 mm. In the 
third cat the adrenal veins were tied off, and thereafter a first stimulation 
of the distal end of the right splanchnic nerve gave the following results. 
The initial calibre of the vein was 3-6 mm.; stimulation lasted 1 min.; 
35 and 60 sec. later the calibre was respectively 2-9 and 3-2 mm. An 
arterial pressure tracing, taken after this, showed that the adrenal glands 
had been effectively excluded from the circulation. In a fourth cat all the 
tributaries to a portion of the vena cava were ligatured, and a glass tube 
tied into the vein. The tube-vein system was then filled with Ringer’s 
solution to an appropriate height. Subsequent stimulation of the distal 
right splanchnic nerve caused a rise of fluid in the tube, and cessation 
of the stimulus a fall. 


It was noted in all the experiments that the reactivity of the vein 
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decreased markedly with the passage of time. During all the observed 
contractions the vein remained cylindrical. 3 

The later experiments were performed upon two rabbits, anesthetized 
with ether. In the first animal the circulation was arrested by an overdose 
of anssthetic, the abdomen freely opened by a mid-line incision, and the 
abdominal viscera pushed over to the left side so as to expose the inferior 
vena cava. The right splanchnic nerve was ligatured and cut proximal 
to the ligature. The diameter of the vein at a selected point between 
the iliac and renal veins was 4-4 mm.; after 30 sec. stimulation of the 
distal end of the splanchnic nerve it was 3-2 mm.; 60, 135, and 210 sec. 
after cessation of the stimulus it was respectively 2-5, 1-3, and 2-5 mm. 
It had previously been found, in another rabbit, that the contracted 
vein could not be dilated by pressure on the column of blood in the wide 
portion proximal to the renal vein entries; tapping of the constricted 
portion with a forefinger, however, had caused immediate relaxation— 
the rate of tapping was about two taps per second. Such mechanical 
stimulation, applied in the case under consideration, had a similar result. 
A repetition of the experiment gave the following figures. The diameter 
of the vein was 4-0 mm., and the nerve was stimulated for 1 min. 
Immediately after the stimulation the calibre was 3-3 mm.; 45, 75, 120, 
180, 270, 300, and 330 sec. later it was respectively 2-7, 2-5, 1-8, 1-4, L. l, 
1-0, and 1-4 mm. The constriction seemed to spread proximally from the 
distal portion of the vein. Tapping again resulted in rapid and complete 
relaxation. A fresh length of the nerve was exposed and stimulated for 
1 min. The initial calibre of the vein was 4-3 mm.; after stimulation it was 
3-9 mm., 75 sec. later 2-6 mm., 75 sec. again loser 3-6 mm.; tapping 
dilated it to 4-0 mm. 

In the second rabbit the preliminary procedure was similar, but the 
circulation was not arrested. The nerve was stimulated for 1 min.; 
within 135 sec. from the cessation of the stimulus the calibre of the vein 
had fallen from its original 5-0 to 3-0 mm.; 5 min. later it was 4-1 mm., 
and tapping thereafter increased it to 4-9 mm. To exclude effects of 
adrenal medulla secretion, the glandular vessels were ligatured, and the 
nerve was then stimulated again for a minute. The initial calibre of the 
vein, 4.9 mm., was reduced in 165 sec. to 2-4 mm.; at 315 sec. it was 
3-2 mm., and thereafter further dilatation ensued on tapping. To make 
certain that the adrenal vessels had been effectively tied off, the whole of 
the two glands was removed, and it was found that no bleeding occurred. 
To exclude any arterial effects, the aorta was tied high up in the abdomen; 
another splanchnic stimulation caused, under these conditions, a decrease 
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in calibre of the vein from 4-8 to 2-1 mm., followed subsequently by 
relaxation to 2-5 mm. . 

The vein in both rabbits remained cylindrical during its contractions 
and relaxations. 


Discussion 


The diminution in cross-section of the vena cava, calculated from the 
experimental results, was 56 and 23 p.c. in the first cat, 45 p.c. in the 
second cat, and 35 p.c. in the third cat. In the first rabbit it was 91, 94, 
and 63 p.c., in the second rabbit 64, 76, and 81 p.c. The nerves stimulated 
included preganglionic and postganglionic, and contraction occurred with 
the circulation arrested or continuing, and with and without arterial and 
adrenal influences excluded. 

In all cases, some degree of relaxation occurred after contraction, but it 
was never complete during the relatively short period of our observations. 

Stimulation of the distal right splanchnic nerve caused a constriction 
of the whole vein as far as the renal vein entries; stimulation of the small 
postganglionic twigs, on the other hand, resulted in a more localized 
contraction. 

The dilatation produced by tapping was more or less confined to the 
part tapped. The technique was suggested by the “Klopfversuch”, and 
it was of interest to find that it was as effective upon the vena cava in our 
experiments as it was upon the splanchnic vessels in those of Goltz [1864]. 
A more detailed study of this reaction is to be made in the near future, 
and further work is to be done upon other aspects of the innervation of 
the vena cava. 

It is very difficult, in view of our 1 to account for Donegan’s 
negative findings. The only explanations which we can offer are that his 
operative technique damaged the delicate periadventitial nerve fibres, 
that he took too long over his experiments, that the temperature of his 
Ringer’s solution (40° C.) was too high, or that the vena cava lost its 
reactivity very rapidly through perfusion with such solution. 

The effects which we have described were confined to that portion 
of the vena cava which lies between the iliac and renal veins, i.e. the 
ascending portion in the commonest posture of the animal [Franklin, 
1932]. That the effects were not due to current spread has been shown by 
non-electrical stimulation of the distal splanchnic nerve. Though the 
results described were all obtained with the right splanchnic nerve, 
contractions of the same order of magnitude have also been obtained by 
stimulation of the left — nerve. 
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SuMMARY 


Faradic stimulation of the distal end of the cut splanchnic nerve 
produces, in the cat and in the rabbit, a contraction of the inferior vena 
cava between the iliac and renal vein entries. 
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STREAM-LINES IN THE ABDOMINAL VENA CAVA 


By K. J. FRANKLIN ann A. D. McLACHLIN 
(From the University Department of Pharmacology, Oxford) 


(Received January 31, 1936) 


“‘STREAM-LINES” is the term used by hydraulic engineers for separate 
streams in a moving body of water, and it is well known that two rivers 
may meet and flow along for some distance in a common stream without 
losing their individual characteristics. The term was applied in this sense 
in 1928 to the separate tributary streams within the portal vein [Copher 
and Dick, 1928; Dick, 1928], and other examples of such stream-lining 
have since been demonstrated in veins. Grant [1930] noted that, when 
an arteriovenous anastomosis opened up in a rabbit's ear, the blood passing 
through it into the vein pushed aside the ordinary venous blood stream, 
and the two currents went along for some distance at different rates, 
and separated by a clear, long streak of plasma. Similar conditions were 
noted by Clark and Clark [1934, p. 255). At the visit of the Physiological 
Society to the Strangeways Research Laboratory in May 1935, A. F. W. 
Hughes showed a preparation of the area vasculosa of a 2} days’ chick; 
in this two veins could be seen meeting, and their streams flowing along 
still separate in the single channel. Finally, Jäger [1935a, 6] has produced 
further important studies on this subject. 


OwN OBSERVATIONS 


During a preliminary experiment upon the innervation of the 
abdominal vena cava a thin red stream was seen passing up the vein, 


and contrasting very sharply with the other blue-coloured blood within it. 
The animal was a female cat and, in view of Barcroft and Rothschild’s 
work [1932] on the arterial nature of the blood in the uterine veins, it 
seemed probable that it was this blood which accounted for the red 
stream. Unfortunately, it was not possible to divert the normal course of 
the experiment in this cat, or in another female cat and two doe rabbits, 
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in which we observed similar stream-lines. Finally, however, in a third 
doe rabbit we were able to settle the question. This animal had recently 
given birth, and the horns of the uterus were still 8 mm. in calibre. The 
red stream passed up the vena cava at least so far proximal as the renal 
vein entries, and was found to be caused by the union of two very arterial 
streams which entered the right and left iliac veins from the uterine 
veins practically at the iliac bifurcation. It is of interest to note that, in 
one of our earlier experiments, in which we may assume a similar uterine 
origin of the red stream, stimulation of the distal end of the cut right 
splanchnic nerve caused a decided diminution in calibre of the vena cava 
without affecting the space occupied by the red stream; in other words, 
the inflow from the limb veins only could have been impeded by the caval 
contraction. Such preferential inflow from proximal tributaries into 
a contracting vein has not: before, we believe, been observed. The main 
point of this communication, however, is to point out that, under suitable 
conditions, stream-lining can be seen with the naked eye as a colour 
contrast; it does not necessarily involve the use of a microscope or the 
injection of dyes for its demonstration. There is little need, in view of 
what has already been discovered about stream-lines, to emphasize the 
importance of their further study; more detailed knowledge of them is 
obviously necessary for a complete understanding of the physiology of 
the circulation. 
SUMMARY 


The arterial character of the blood coming from the uterine veins 
makes it possible (under appropriate circumstances) to observe the passage 
of this blood as a separate, bright red stream for a considerable distance 
along the abdominal vena cava. 
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CHLOROPHYLL AND HASMOGLOBIN REGENERATION 


AFTER HA MORRHAGE 


By J. HOWELL HUGHES Au A. L. LATNER 
(From the Department of Physiology, University of Liverpool) 
(Received January 24, 1936) 


THIS communication forms part of a series of investigations into the 
problem of the synthesis of hemoglobin in the animal body. 

Very little is known about the actual chemical path along which the 
body proceeds in order to elaborate the pigment. The same remarks may 
be applied regarding the starting materials necessary for the synthesis. 
Does the body commence with simple amino acids or pyrrols, or must it 


| N 
COOH. 
Hemin Chlorophyll-A 
(Formula suggested by H. Fischer) 


Fig. 1. Chemical structures of hemin and chlorophyll. 


first be supplied with the more complex porphyrins? Moreover, what 
factors are required for the synthesis of globin and what for the synthesis 
of the prosthetic grouping? 

There seems to be much evidence for the fact that the amino acids 
required for the globin synthesis are normally present in practically all 
diets, and so the question of synthesis becomes part of the general 
question of protein synthesis in the animal body. This question has there- 
fore not been dealt with at present. 

The question of the synthesis of hemoglobin from chlorophyll arises 
from their closely allied chemical structures shown in Fig. 1, and has 
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given rise to much controversy. According to some investigators 
[Buergi, 1916; Saunders, 1925; Hirasaw, 1923] the animal body can 
bring about the conversion; whereas others [Fischer and Hendschel, 
1931, 1932, 1933; Marchlewski and Urbaficzyk, 1933] state that the 
conversion does not take place. 

The present communication is an attempt to settle this question. 


METHODS 


Rabbits have been rendered anæmic by repeated hemorrhages from 
an ear vein and then allowed to recover. During their recovery period 
the test animals were fed with chlorophyll dissolved in olive oil, and the 
controls received equal amounts of this oil. 

Two weeks before commencing the bleeding, the rabbits were fed 
on the standard experimental diet, which was supplied throughout the 
experiment. This diet consists of a daily ration of 400 g. swedes; the 
vitamins are supplied in the form of 2 c.c. cod-liver oil, 2 C. c. orange juice, 
and a teaspoonful of bran and oats; mineral salts (NaCl 32 mg.; Pot. cit. 
32 mg.; Pot. iod. 32 mg.; Mag. carb. pond. 32 mg.; Ca lactate, 97 mg.) 
were administered in admixture with the bran and oats; iron was given 
in the form of a solution of Ferri. et Ammon. cit. 130 mg. All liquids 


were administered to the animals by means of pipettes with rubber teats. 


The animals seemed to thrive on this diet and could be kept alive for 
many months without any unfavourable symptoms. 

The diet has been carefully selected so as to be as poor as possible in 
porphyrin content. This illustrates the advantage of using herbivorous 
animals like the rabbit in contrast to the carnivorous dog used by 
Whipple and his co-workers and other investigators of this problem. 
The control of the porphyrin content of the diet of dogs is a very difficult 
matter indeed and is practically impossible. 

The animals were bled daily by venesection of an ear vein, quantities 
of blood varying from 5 to 20 c.c. being removed each time. The 
hemorrhages were continued over a period, so as to deplete the spleen 
and to use up as much liver factor or any storage substance as possible. 
About fourteen hemorrhages were considered sufficient, owing to the 
fact that too much bleeding might produce an aplastic anemia. The 
bleeding was controlled so that the animals finally attained approxi- 
mately the same hemoglobin levels at about two-fifths of their normal 
value. The hemoglobin was estimated ss means of the Newcomber 
plate. 


* 
8. 
2 
4 
8 
\ 
ayer 
4 
. 
ix 
9 
52 
5 
. 
7 
2 
1G 
2 
n 
¥ 
2 
a 
4 


390 J. HOWELL HUGHES AND 4. L. LATNER 


Five series of experiments were performed, three with varying doses 
of pure chlorophyll, one with a large dose of crude chlorophyll, and one 
with a magnesium-free chlorophyll derivative. 3 

The pure chlorophyll was obtained from Prof. Stoll of Basle, the 
other derivatives being obtained from B.D.H. 5 


EXPERIMENTAL RESULTS 


(1) Large doses of chlorophyll 
0-33 g. chlorophyll dissolved in 4 0. c. olive oil was administered daily 
during the recovery period. Four control animals and three tests were 
used. The average results have been graphed out and are shown in 
Fig. 2. | 
This dosage of chlorophyll is therefore ineffective in aiding homo- 
globin recovery. 


1-0 
10-0 
9-0 
= 80 
do 
| 
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1. 
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Fig. 2. Administration of large doses (0-33 g.) chlorophyll. The vertical lines, in this and 
subsequent figures, join the maximum and minimum values for each group. 


(2) Smaller doses of chlorophyll 
0-05 g. chlorophyll dissolved in 2 ¢.c. olive oil was administered daily. 
Two controls and two tests were used. The results are shown in Fig. 3. 
Although there was not complete recovery in either case after 36 days, 


” chlorophyll seems to have been exerting some effect after the 14th 
J. 
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Hemoglobin, g./100 o. o. 


--~~--- Test animals 


1 
0 4 8 C | 36 
Days 


Hb values 


Days 
Fig. 4. Administration of very small doses (0-015 g.) chlorophyll. 
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(3) Very small doses of chlorophyll — 
0015 g. chlorophyll dissolved in 2 0. o. olive oil was administered daily. 
Four controls and four tests were used. The results are shown in Fig. 4. 
It is quite obvious that these very small doses of —— exerted 
a favourable effect on blood regeneration. 


: (4) Large doses of crude chlorophyll 
The chlorophyll used was the commercial B.D.H. preparation. 1 g. 


dissolved in 10 c.c. olive oil was administered daily. Four tests and four 


controls were used. 


Days | 
Fig. 5. Administration of large dose of crude chlorophyll. 


This experiment, as well as the succeeding one, formed part of the 
M.D. Thesis of Dr Howell Hughes. The hemoglobin was estimated 
with the Dare Hemoglobinometer and is possibly not so accurate as in 
the above experiments. Nevertheless, a definite increased rate of re- 


generation, greater than the probable experimental error, was noted in 
the test animals (Fig. 5). 


(5) chlorophyll derivative 
The derivative used was a water soluble chlorophyll supplied by 


B.D.H. and was shown spectroscopically to be free from magnesium. 
Seven test animals and four controls were used. Four of the tests received 
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1g. daily dissolved in water and administered by mouth. The regeneration 
was obviously accelerated as shown in Fig. 6. The other three test animals 
received injections subcutaneously of 0-25 g. dissolved in 5 c.c. of mam- 


malian Ringer. The injections exerted no effect on regeneration (Fig. 6). 


--e---@- Test animals (feeding) 


Hemoglobin, g./ 100 c. o. 


40 - Control animals 
1 4 1 1 
0 4 12 16 20 


Fig. 6. Administration of magnesium-free chlorophyll derivative. 


Discussion 


It seems therefore that the animal body i is capable of converting 
chlorophyll to hemoglobin, if the former is given in small doses. This 
is in agreement with Zih [1930], who, however, showed the effeet of 
chlorophyll injections on the red blood cell count of animals not rendered 
anemic. As the normal count in rabbits shows great variations it is 
difficult to accept this work as final. : 

The failure of large doses to produce any effect is very remarkable. 
It seems that chlorophyll in large doses is toxic to the bone marrow. This 
may be due to increased absorption of magnesium either in combination 
with chlorophyll, or brought about in a manner similar to that in which 
the absorption of iron is increased on administration of bile pigments 
[Patek and Minot, 1934]. Minot has also demonstrated the increased 
absorption of iron on administration of chlorophyll. It is true that 
magnesium is supplied in the mineral salts of the diet, but the above 
possibility still holds as this element is absorbed only very slowly. The 
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fact that large doses of the magnesium-free chlorophyll derivative aid 
regeneration when administered by mouth seems to bear out this sug- 
gestion. 

The quantity of chlorophyll in the very small doses is far in excess of 
that required for the increase in hemoglobin regeneration. 

This can be calculated from Fig. 4. According to the graph, the test animals recovered 
completely over a period of 16 days. By the end of this time, each test animal prepared 
1-6 g./100 0.0. more hemoglobin than each control. The average blood volume in a rabbit 
is 120 c.c, Therefore the test animals have made 1-9 g. (1-6 x }4$) more hemoglobin than 
the controls. This excess hemoglobin must have been prepared from the administered 
chlorophyll. 

The total amount of chlorophyll administered to each rabbit over a period of 16 days 
was 0:24 g. On chemical reasoning, this amount of chlorophyll is equivalent to approxi- 
mately 0-15 g. hemin (hemin=3/5 chlorophyll approx.). Since hemin forms 4 p. o. of the 
hemoglobin molecule, this amount of hæmin is equivalent to 3-75 g. hemoglobin, which is 
approximately twice the excess hemoglobin made by the test animals. 


Nevertheless, it is a distinct possibility that the chlorophyll is acting 
as a physiological stimulant of the bone marrow and is not really 
concerned with the actual chemistry of regeneration of the porphyrin 
grouping. This possibility is now being investigated. 

In the case of the crude chlorophyll, large doses exert a favourable 
effect on hemoglobin regeneration. It seems, therefore, that there is 
some substance in the crude chlorophyll which counteracts the toxic effect 
of the chlorophyll itself. 

These various facts explain the confusion in the literature, as the 
result obtained depends on the dosage and purity of the sample of 
chlorophyll used. | | 

It is important to note that the part played by intestinal bacteria 
might possibly be of some significance. Chlorophyll is known to be broken 
down by these bacteria, and it is quite likely that it is one of the break- 
down products which is used for the subsequent synthesis of hemoglobin. 
This possibility is borne out by the failure of subcutaneous injections of 
the chlorophyll-free derivative to produce any effect. 


SUMMARY 
1. Chlorophyll in large doses has no effect on the speed of hemoglobin 
regeneration after hemorrhage. 


2. Very small doses markedly increase the speed of hemoglobin 
regeneration. 


3. Crude chlorophyll is effective even in large doses. 
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4. A magnesium-free chlorophyll derivative also aids regeneration 
when given in large doses. 


5. The possible explanations of these 8 are discussed. 


In conclusion we should like to thank Prof. H. E. Roaf for much helpful criticism and 
advice. 

H. H.) 
from the British Medical Association. 
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OBSERVATIONS ON THE NERVES OF SUPPLY 
TO THE BLADDER AND URETHRA OF THE CAT, 
WITH A STUDY OF THEIR ACTION POTENTIALS 


By JOSEPH P. EVANS 
(From the Physiology Laboratory, Cambridge) 
(Received February 3, 1936) 


INTRODUCTION 


OssERVATIONS of the electrical changes associated with the nerve 
impulses activating the cat’s bladder have not, so far as I am aware, been 
reported. The present study was undertaken in the belief that such data 
might give greater insight into the behaviour of the urinary bladder and 
its sphincters. This report embodies an analysis of the underlying nervous 
activity. 

METHOD 

Male and female cats have been used indiscriminately. In those 
instances in which nerve section has been done to obtain automatic 
bladders or to modify sphincter tone in chronic preparations, the animals 
have been anesthetized with ether. All the electrical observations upon 
nervous activity, however, have been made upon animals anesthetized 
with dial (0-6 c.c./kg., intraperitoneally) with one exception, in which 
instance a high decerebration was done to ensure that dial was not, in 
some way, masking nervous activity. The use of dial ensured a relatively 
comparable level of anesthesia from animal to animal, and a practically 
constant level throughout any individual experiment. 

In the chronic preparations section of the pelvic and pudic nerves, 
alone or in combination, has been done by way of the posterior approach 
employed by Elliott [1907]. The electrical studies have been made from 
10 to 20 days later. The completeness of the dissection at the first 
operation has been carefully checked at post-mortem examination, 


which sometimes, it should be noted, proved the presence of unsuspected 
intact filaments. 
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The dissections entailed in the electrical studies have necessitated 
wide exposure of the parts involved, and an effort has been made to keep 
structures warm and moist by the generous use of cotton wool soaked in 
warmed mammalian Ringer’s solution. Mid-line abdominal approaches 
have been made to the bladder and to the pelvic and hypogastric nerves. 
The urethra and its nerve supply have been approached following resec- 
tion of the symphysis pubis and separation in the mid-line of the under- 
lying muscles attached to the pubis, and of the peri-urethral fat. From 
the bladder, bladder neck, and urethra so exposed, nerve filaments were 
dissected with the aid of 3x lenses, and direct observations could be 
made upon the muscular activity of the component parts. 

Nerve impulses were recorded with standard condenser-coupled | 
amplifiers actuating a loud-speaker and a Matthews oscillograph. 
Electrical activity has been correlated with functional states in the 
bladder and its sphincters by noting (a) the time of voiding, (b) muscular 
movements in the urethral and peri-urethral structures, and (c) pressure 
readings in a fine-bore manometer (3 mm.), in direct continuity with a 
# 3 catheter, the tip of which was usually placed well within the bladder. 
The distal end of the catheter was connected by means of one arm of 
a T-tube to a 50c.c. burette, by the other arm to the manometer 
(cf. Langworthy, Reeves and Tauber, 1934]. The upper end of 
the manometer was connected with a tambour which actuated an arm 


. ¢asting a shadow on the bromide paper. Fluid increments were often, 


though not always, delivered to the bladder at high pressures (400- 
500 mm. of water). This unphysiological method of addition possessed the 
advantage of giving more striking evidence of the nature of bladder 
response to filling. 

ANATOMY 


The anatomical relationships of the bladder are shown for the female 
cat in the diagrammatic drawing (Fig. 1). Both the body and neck are 
supplied by the pelvic nerve, and the distribution of this nerve extends 
down at least as far as the zone of the compressor urethre muscle, which 
muscle—the true external sphincter—is supplied by the pudic nerve. It 
should be noted that the muscle bearing this name in both the male and 
female cat constitutes a muscular investment of the first portion of the 
urethra [Reichard and J ennings, 1901], and is not homologous to 
the muscle of the same name in man. 

In the cat there appears to be no distinct internal 1 for direct 
observation shows the entire bladder neck to act in this capacity. The 
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nature of internal sphincter activity and its nervous control will be 


discussed in detail in a later section. 


The parasympathetic contribution to the bladder is derived from 


S 2 and 3, and occasionally from 8 1. It is 
carried by way of the pelvic nerves (nervi 
erigentes) which break up into a number of 
small filaments upon the lateral wall of the 
true pelvis. These filaments are destined for 
various pelvic organs, but many of them 
enter the mesentery of the bladder and 
the urethra as fine strands, some of which 
reach the hypogastric ganglion, but many 
of which have no obvious connection with 
the hypogastric nerve. 

It is generally agreed that the sympa- 
thetic contribution to the pelvic organs is 
supplied wholly by the hypogastric nerves 
which arise in the inferior mesenteric ganglia 
grouped about the origin of the inferior 
mesenteric artery. They descend as a single 
nerve on each side (with occasionally the 
presence of an accessory hypogastric nerve) 
beyond the brim of the pelvis where they 
enter the lateral ligaments of the bladder. 
Each hypogastric nerve then enters the 
hypogastric ganglion of its own side which 
is also entered by some of the fibres of the 
pelvic nerve. From thence there has been 
assumed to be a generalized pelvic distri- 
bution of mixed sympathetic and parasym- 
pathetic fibres. 

The third fibre system that is related 
to micturition is that supplied by the pudic 
nerves. Each pudic nerve can be located 
readily in its course between the levator 
ani muscle and the obturator internus. It 


breaks up into a number of branches. One 2d 


of these almost immediately penetrates 
into the dorsal perineal region, and this 
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1. Diagrammatic re tation 


. the bladder relationships in the 


female cat. The position of the 
levator ani muscle is indicated. Its 


out re nts line 
attachment to the symphysi . 
Bl. F. bladder Ov. 


bladder cervix. Spk. the bulbous 


ment of the urethra contain- 
ing external sphincter, i.e. the 
„ 
small muscle lying in 
diaphragm, the homologue of the 
human com r urethre muscle. 
V, vulva. L.A. levator ani muscle. 
P,, pelvic nerve, main trunk. P,, 


is probably the source of 


most of the motor fibres to the perineum. A mesial branch supplies 
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the urethra and rectum, and in the female the vagina. The remaining 
large filament descends ventrally and emerges between the levator ani 
and the obturator internus, and almost immediately plunges through the 
pelvic fascia to follow a course through the perineum lying on either side 
of the urethra. The evidence obtained suggests that this is in largest part 

a sensory nerve. The most important source of motor supply to the 
external sphincter is derived from those deeper pudic branches given off 
shortly after the main trunk of the nerve has been formed. 


Sy. 

Fig. 2. The arrangement of the nerves of supply to the bladder and urethra of the male cat 
from a preserved specimen. Bl. F. bladder fundus. Bl. Cv. bladder cervix. P, prostate, 
and zone of compressor urethre muscle extending as far as H. M, membranous 
urethra. U, ureter. Sy. hypogastric nerve. Hy. hypogastric ganglion. P,, pelvic 
nerve, main trunk. P,, nerve of supply to levator ani muscle (L. A.). P., a deep branch 
of the pudio nerve running to the anal and urethral plexuses, P., superficial branch of 
pudic nerve running to prostatic region. P,, superficial perineal branch of pudic nerve. 
P,, deep perineal branch of pudic nerve. 

Fig. 2 is a copy of a preserved specimen from one of the cats used 
in these experiments and shows the chief nerve branches, though the 
myriads of fine filaments characterizing the plexus were necessarily 
omitted. It should be emphasized that the pelvic nerve breaks up into 
many fine filaments, studded with ganglia, upon its approach to the 
bladder region, More than two-thirds of these fibres have no obvious 
relationship to the hypogastric . n this point has not been 
checked 


4 
- 
2 
* 
Wey 4 
3 
4 
* e 
M 
UY 
2 
4 
— * 
— “a 
~ 
6 — — 
— 
— 
— 
- 
— 
* 
* 
2 
| — 
| 
| i 
= 
| 
| 
a 
* 
* 
4 
igs 
2 
4 
~ 
‘ 


400 J. P. EVANS 


THE VIEWS OF PREVIOUS INVESTIGATORS OF BLADDER FUNCTION 
All investigators are agreed as to the importance of the pelvic nerves 


in normal bladder activity. Section of these nerves results in atony of the 


bladder, to be followed by a slow recovery of function which never 
regains its previous efficiency. Stimulation of the cut peripheral ends 
results in contraction of the ipsilateral wall of the bladder. 

There has not been a similar unanimity of opinion concerning the 
role of the sympathetic system. Langley originally stated that he had 
observed relaxation of the bladder wall following stimulation of the 
hypogastric nerves, but in a later paper with Anderson [1895] doubt 
was cast upon this observation. Stewart [1899] described, as the 


result of faradic stimulation of the hypogastric nerve, first unilateral 


contraction of the bladder wall which was then followed by a more 
marked relaxation. Elliott [1907] made similar observations in the cat 
but showed clearly that the result varied with other species. 

Langworthy, Reeves and Tauber [1934] cut the hypogastric 
nerves in cats, and after appreciable survival periods they found that the 
capacity of the bladders of the operated animals had decreased signifi- 
cantly. They argue that their results confirm the conclusions of previous 
workers that the sympathetic system somehow inhibits parasympathetic 
activity permitting a greater bladder capacity than would be possible 
were the sympathetic influence absent. In addition they report that 
animals which have re-established bladder activity following section of 
the pelvic nerves suffer a reduction in their holding capacity when the 
hypogastric nerves are cut at a later date. Their results are consistent 
with the views held by Learmonth [1931] as to the importance of the 
sympathetic system for human bladder function. 

On the other hand, Denny-Brown and Robertson [1933 a, ö] 
believe that the contribution of the sympathetic system to human vesical 
activity is negligible from the point of view of clinical disturbances, for 
they found apparently normal bladder function in an individual following 
presacral neurectomy [1936], and in cases of cauda equina lesions they 
could find no evidence that the sympathetic system, through the intact 
hypogastric nerves, played any part of clinical significance in bladder 
activity [1933 a, 6]. 

The role of the sympathetic system in sphincter activity is . in 
doubt, for Learmonth [1931] believes that in man through its supply to 
the trigonal area the hypogastric nerve must exert a definite influence 
on bladder activity, and he demonstrated that its stimulation causes 
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_  sphineteric contractions. Experiments upon animals (cats) have given 
less definite results. Elliott [1907] placed cannulæ so as to record a 
controlled flow through the neck of the bladder. On stimulation of the 
‘pelvic nerves he obtained an increased flow, of the sympathetic nerves 
a decreased flow. Barrington [1914], repeating the experiment under a 
somewhat different set of conditions, confirmed the inhibitory effect of 
pelvic nerve stimulation but was unable to conclude that hypogastric 
stimulation reduced the flow. Both investigators eliminated the effect of 
detrusor activity. 

It was in the hope of clarifying some of these questions that the present 
study was begun. Sixty cats have been used in the investigation. It has 
been possible to settle beyond reasonable doubt some of the queries that 
naturally arise from a perusal of the literature. There are many points 
which remain necessarily unanswered, however, and among these is the 
general problem of the nature of sympathetic activity in relation to the 
bladder. The failure to adduce positive evidence does not necessarily 
mean, of itself, that the sympathetic system plays no part in bladder 
function in the cat, but to date no positive evidence has been obtained 
which explains the nature of the supposed sympathetic intervention. 


THE NERVOUS CONTROL OF THE BODY OF THE BLADDER 
The nerve supply to the bladder fundus. reaches it at the junction of 


ce the neck and the body and then ascends in several large strands, chiefly 


along the mid-line on each side, spreading out in a fan-like fashion toward 
the apex. Scattered along the course of the filaments are many ganglia, 
and the branches from these form anastomotic nets (Fig. 1). The larger 
ganglia rest between the external muscle fibres, and with the bladder 
moderately distended it is possible to dissect out these ganglia and their 
filaments. Terminal filaments bury themselves in the muscle wall. 

| 


A. Action currents detected in the vesical plexus with intact 
central nervous system connections | 
The oscillographic records described in this section have been obtained 


3 from filaments over various portions of the fundus. They represent, it is 


believed, postganglionic activity of parasympathetic origin, inasmuch as 


—— they have been proven to be totally independent of the sympathetic 
nervous system under the conditions set up in these experiments. The 
as chiaragteristic efferent activity which has been demonstrated repeatedly 


. is pictured in the record shown in Fig. 3. The tonic state of the bladder is 
PH. LXXXVI. - 
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maintained by a constant slowly recurring rhythm of impulses, as in- 
frequent in any given nerve fibre as one every 3-4 sec. 

Concurrent with a spontaneous rise in intravesical pressure there is 
increased rate and amplitude of discharge (Fig. 4). In occasional instances 


Fig. 3. A record of the typical wave complex supporting low intravesical pressure 
(100 mm. of water). Line indicates 1 sec. 


Fig. 4. Ten sec. later, showing the activity associated with a spontaneous rise in 
pressure to 200 mm. Line indicates 1 sec. 


Fig. 5. Increased discharge due to sudden introduction of fluid at a high head of pressure. 
The white line records intravesical pressure which was raised from 250 to 550mm. 
Time: each pair of strokes represents one-fifth of a second. 


the increase in impulses in a given fibre may follow the onset of increased 
pressure, presumably because the muscle fibres it supplies are recruited 
later than others. As the pressure in the manometer falls there is a 
reduction in the discharge, and with each temporary halt in the fall of 
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pressure there is a supporting burst of impulses. The increased nervous 
activity concurrent with pressure increases can be heard very clearly 
in the loud-speaker. 

The sudden (though unphysiological) introduction of fluid brings on 
a great rush of nervous activity which protects the bladder from over- 
distension and which tends to expel some of the added fluid (Fig. 5). A 
slower addition of fluid calls forth a less striking display, but once suffi- 
cient fluid is added the characteristic reaction occurs, different only in 
degree. Conversely, the reduction of bladder pressure by release of fluid 
from the bladder results in a reduction of nervous activity to a minimal 
level. | 
This type of nervous activity has been demonstrated repeatedly in at 
least a dozen animals, and has never been found wanting except that in 
resting bladders with a very low pressure some of the nerve filaments 
appear inactive. This may perhaps be due to unfavourable electrical 


conditions. 


% the base of the 
bladder was examined in which there was a constant discharge throughout spontaneous 
pressure changes. The explanation of this exception is not clear. It may be that the dis- 


charge represented vaso- motor activity. In a second case some evidence of a similar nature 


was obtained. 

In still another instance a persistent discharge related to respiration was found. This 
could not be abolished by either pelvic or hypogastric section, and disappeared only when 
the bladder was completely isolated. Presumably, though the experiment is not conclusive, 
the impulses were vaso-motor in character and were being carried to the bladder by way of 
the cystic arteries. Because of the possibility that a small pelvic filament might have been 
missed before complete isolation of the bladder, it is not safe to lay too much emphasis upon 
the cystic arteries as the pathway for the activity noted. That it was not transmitted by the 
hypogastric nerves from the central nervous system is, however, definite. 


B. The vesical plexus of acute preparations following 
| section of the pelvic nerves 

With the n of the case noted in the d immediately 
above there has invariably been a complete absence of action currents in 
the vesical plexus following section of both pelvic nerves. The washing 
out” of loud-speaker activity following section of the pelvic nerves is a 
striking and unforgettable observation, and in association with the 
almost complete abolition of manometric variations offers further un- 
equivocal proof of the well-known importance of the pelvic nerve supply 
for normal bladder function. The strict unilaterality of pelvic nerve 
supply noted by Langley and Anderson [1895, 1896] and by Sherring- 


"ton (1892) has been amply confirmed electrically in this investigation. 
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C. Vesical plexus activity following section of the 
hypogastric nerves 
Ik, as has just been pointed out, there is a disappearance of action 
potentials in the vesical plexus following section of the pelvic nerves, can 
any evidence be adduced in support of a contribution from the hypo- 
gastric nerves? It is conceivable that the hypogastric nerves may some- 
how alter the basic activity dependent upon the intact pelvic nerves. 
It has, however, not been possible to obtain any evidence of a change 
in the fundamental vesical plexus potentials as a result of hypogastric 
section, either unilateral or bilateral. The bladder activity is apparently 


Fig. 6. Records of vesical plexus activity before (lower) and after (upper) hypogastric 
section. Pressure in the first instance 350 mm., in the second rising to 300. Speed of 
film the same in both. Time as in Fig. 5. 


unchanged as evidenced by the method employed, and no alteration in 
the recorded wave forms has been detected. These observations have been 
repeated some siz or eight times without variation (Fig. 6). Neither has 
there been an obvious change in the manometric responses in these 
cases. 

Unfortunately, the single case noted in which a filament apparently 
giving rise to vaso-motor activity, whose rate and character of discharge 
were unaffected by pressure changes, was not subjected to hypogastric 
nerve section. It seems not unlikely that occasionalsympathetic filaments, 
subserving vaso- motor activity, may reach the fundus. But that sym- 
pathetic impulses, under conditions of normal bladder function, contri- 
bute to or in any way modify detrusor activity is a thesis for which no 
* was obtained by the method employed. 
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D. Vesical plewus activity after combined pelvic and 
hypogastric nerve section 
In the acute preparations no action potentials have been observed, 
and the lack of them is wholly comparable to that following section of the 


_ pelvic nerves alone. Reference will be made in a later section to the 


activity of the plexus in chronic denervated preparations. 


E. Pharmacological evidence 
In animals with intact nerve supply the administration of atropine in 
effective doses (2-4 mg. intravenously in cats of moderate size under dial 
anesthesia) has been to abolish completely for transient periods up to 


Fig. 7. To show the response Of afferent fibres in the Vesical plexus to rapid filling. Initial 
400 mm. (upper record, at the left). Filling begun at point indicated by the 


white line. The lower record is a direct continuation of the upper. Approximately | 


8 c. o. added in the interval shown. Time as before. 


20 min. all evidence of the characteristic rhythmic nervous activity. 
Pilocarpine (12 mg. intravenously) has, on the other hand, caused an 
unmistakable increase in nervous discharge, reflected in the electrical 
and manometric responses, both of which may be roughly doubled. The 
pilocarpine effect is prevented by a previous administration of atropine. 

Nicotone intravenously in small amounts (6 mg.) reduces parasym- 


pathetic activity and in large amounts abolishes it temporarily, with 


rather prompt recovery. 


The intravenous administration of adrenaline has not given definite 


results, but the physiological outpourin g of adrenaline that may be ex- 
pected with asphyxia, which in one instance was carried to the point 


of inducing convulsions, produced no change in the action potentials. 
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F. Afferent activity in the body of the bladder 


Stella has demonstrated receptors in the frog’s bladder which 
respond to stretch, and the responses to filling, etc., described above 
show that there must be stretch receptors in the mammalian bladder. 
The afferent discharges have not been studied in detail, but Fig. 7 shows 
the type of afferent discharge produced by distension. 

The effect of other types of sensory stimuli upon the fundus has not 
been tested. What other sensory activity the bladder fundus may possess 
is probably due to its adventitial coat and peritoneal investment rather 
than being due to internal end organs. 


THE NERVOUS CONTROL OF THE NECK OF THE BLADDER AND OF 
THE INTERNAL SPHINCTER 


It now seems proper to regard the narrowed tubular 3 inter- 
polated between the fundus of the bladder and the prostate (or the 
corresponding muscular enlargement of the female) as anatomically and 
functionally identical with the bladder proper. This opinion is based upon 
the following facts: 
(J) Similarity of structure; 
(2) Identity of nerve supply; and 
(3) The close correspondence between the type of nervous 8 
to the fundus and that to the neck. 
Fig. 2 demonstrated the source of the nerve supply to the bladder 
neck. Representative filaments taken from various points along its 
course have all shown an impulse complex which is electrically indistin- 
guishable on the efferent side with that derived from filaments over the 
fundus, increasing and decreasing in the same way according to the 
pressure in the bladder. All filaments tested as far distally as that 
portion of the urethra which is obviously supplied by the pudic nerve, 
and whose activity is paralysed by section of the pudic nerve, yield the 
same phasic type of activity. In the single instance in which hypogastric _ 
nerve section was done, there was, as in the case of the fundus, no evident 
effect upon the character of the nerve complex. i 
, If the neck of the bladder in the cat is equivalent to the internal 
: sphincter in man we must regard this nervous discharge as inhibitory in 

character, whereas that to the fundus is definitely excitatory. The nervous 
discharge which presumably maintains the internal sphincter in its 
posture of contraction remains to be discovered. It — be noted in 
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passing that in the cat the power of this contraction is weak as compared 
do that in man, for in the former case it can easily be overcome by manual 

compression of the fundus. 
. Studies of the afferent responses in the bladder neck have not been 
extensive. There is, however, a definite muscle stretch response similar 
to that in the body of the bladder, but characterized by a delayed 
appearance, presumably because distensive force is transmitted late to 
the bladder neck. In addition it has been possible to demonstrate about 
the bladder neck a response to heavy touch and to extremes of tempera- 
ture. Failure to demonstrate a similar range of activity for the fundus 


55 of the bladder may be due merely to a paucity of observations. 


THE NERVOUS CONTROL OF THE EXTERNAL SPHINCTER, AND THE 
ACCESSORY SPHINCTERIC ROLE PLAYED BY THE PERI-URETHRAL 
AND PERINEAL MUSCULATURE 


The course of the pudic nerve has been outlined in the anatomical 


x section. We have concerned ourselves chiefly with those filaments which 


are distributed to the prostatic region in the male, and to the whole of 
the corresponding urethral segment in the female. 

Any one of these filaments when picked up and stimulated either 
mechanically or electrically with faradic current will cause a definite 
muscular twitching of the urethra which resembles the external sphincter 
contraction: which follows the act of voiding. Furthermore, when the 
filaments are cut and their central ends are laid-across the electrodes (so 


that impulses comin 8 out of the central nervous system are recorded) a 


constant discharge is obtained as indicated in Fig. 8. Now if fluid is 
added to the bladder to the critical point at which voiding occurs there is 
no change in the activity until a moment before fluid appears about the 
catheter, at which moment there is an appreciable reduction in the 
number of impulses and then suddenly a complete lack of them. This 
washing out of activity when heard over the loud-speaker is a dramatic 


3 effect. There is a total absence of activity till micturition is complete, 
then, synchronous with the jerking of the urethra which invariably 


accompanies the end of micturition, there is a recurrence of the impulses 
and the characteristic tonic discharge is back in full force, sometimes a 
little exaggerated for a few moments before settling down to a constant 
activity. These points are well shown in Fig. 8. In some instances there 
has been noted immediately before voiding a slight increase in the dis- 
charge, as if to resist bladder emptying. 
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Records of the discharge from the nerve of supply to the cephalic 
fraction of the levator ani have, on occasion, shown a similar inhibition 
during voiding, but the inhibition is not invariable and obviously is not 
a prerequisite to voiding. Similarly a needle recording muscle action 
currents from the bulbo- cavernosus muscle frequently displays an activity 
which is inhibited during voiding. Such activity may, however, be wholly 
absent at other times as well, and the striking fact about it is that it is 
very much accentuated immediately after voiding, in association with 


Fig. 8. The upper record is typical of the discharge over the pudic nerve which supports the 
activity of the external sphincter. The lower record shows the complete absence of 
nerve impulses until the end of urination, then the sudden reappearance of activity, 
which was always associated with visible contraction of the external sphincter. 


the gross perineal jerking accompanying the completion of the act of 
micturition. These observations are corroborative of the perineal relaxa- 
tion preceding voiding that was noted by Denn y-Brown and Robert- 
son in man, and there seems little doubt but that the levator ani is 
frequently relaxed as well as the perineum. 


OBSERVATIONS UPON ELECTRICAL ACTIVITY IN THE 
HYPOGASTRIC NERVE 


The sorting out of those hypogastric impulses which may bear a 
relation to bladder and urethral activity is not an easy task because of 


the generalized distribution of the hypogastric nerve to the pelvic organs. 
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A first requisite for the analysis of impulses is that their number be 


reduced to @ minimum. In the case of the hypogastric this necessitates 
successive elimination of the bulk of the fibres by transection until only 
a few continue to conduct. Secondly, there must be shown an obvious 
relationship between changes in nervous activity and intravesical pressure 


or voiding, and even such criteria would not be wholly trustworthy, for 


the activity might be vaso-motor. 


In one group of five experiments in which these requirements were 
satisfied the sympathetic discharge was relatively constant whether the 
bladder was at rest, filling, or emptying. In a single case, however, there 
was definitely more activity when the bladder was filling than when it was 


. empty. Confirmatory of this was a series of observations in another cat 


in which there was an indubitable increase in activity on filling which 
was corroborated during the course of three successive transections in an 
effort to-reduce the activity to a more easily analysable degree. On the 
other hand, there was a total lack of evidence of sympathetic activity on 
spontaneous dilatation of the bladder, an activity which might well be 
expected if the sympathetic copies inhibits fibres and allows dilatation 
of the bladder. 

In the nerve filaments running between the hypogastric ganglion 
and the bladder there are presumably both sympathetic and parasym- 


- pathetic fibres, but there does not appear to be any difference between 


the character of the action potentials in nerves running from the ganglion _ 
to the bladder and those running to the bladder quite independent of any 
sympathetic filaments. 

This lack of direct evidence of sympathetic control does not, however, 
negative the theory that the sympathetic system plays an essential role 
in normal bladder activity. Presumably it is important chiefly as a 
source of vaso-motor control, though its importance may be greater than 
this. The answer may in part lie concealed in the untested filaments 
running to the trigone. In any event, direct evidence as to the nature of 
the predicated sympathetic system influence is still lacking. 


OBSERVATIONS ON THE AUTOMATIC BLADDER 


It is well known that destruction of the nerve supply to many of the 
viscera does not produce a lasting paralysis. The automatic bladder is an 
outstanding example of this fact, for muscular tone returns after a 
variable period and the viscus responds to distension in an apparently 
coordinated manner. The mechanism underlying this resumption of 
function has not been demonstrated. Langley’s work has made it a 
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generally accepted principle of physiology that the ganglia of the visceral 
nerves do not act as reflex centres but merely as distributing stations in 
the efferent system, although the “enteric” plexus in the gut can act as 
an independent coordinating system. It is therefore a matter of consider- 
able interest to determine whether any nerve discharges pass from the 
ganglia to the bladder which has become automatic after section of all the 
connections between the ganglia and the spinal cord, and if so, whether 
there is any sign of a reflex control of the discharge comparable to that 
occurring when the connections with the central nervous system are 
intact. 


Fig. 9. Action potentials (motor) recorded from a filament on the left side of the fundus 

10 days after section of both pelvic nerves. Note the absence of phasic variation. 

"Bladder partially filled with 25 C. o. of fluid. “Sinuous” contraction of the bladder 
wall observable during the recording. 3 


Unfortunately only two cases of automatic bladder were available for 
study. The second part of the question remains unanswered, but there is 
no doubt about the answer to the first. In one animal studied 10 days 
after bilateral pelvic nerve section, postganglionic filaments of the pelvic 
nerve when dissected off the bladder wall and laid across the electrodes 
revealed a constant discharge of impulses (Fig. 9). The discharge did not 
vary with the state of the bladder, but it should be noted that in the 
10 days following operation there had been complete retention of urine, 
and direct observation of the bladder wall revealed only slow sinuous 
muscular contractions of a degree so slight as to cause no more than a 
10-mm., variation in bladder pressure. : 
In the other cat the pelvic nerve was cut on the right side only and 
observations were made 22 days later. Apparently normal bladder 
function was by then re-established. Postganglionic efferent fibres from 
near the equator of the fundus were examined and the records contrasted 
with those from similar filaments on the left (unoperated) side (Figs. 10- 
11). There is some nervous discharge from the isolated ganglia, as in the 
other cat, but it is obviously less than on the normal side. In this case the 
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opportunity was not found of observing the discharge from the isolated 


ganglia in response to distension, but the two halves of the bladder seemed 
to react equally well to filling and to emptying. This suggests a coordinated 
nervous control of the two sides (which was, incidentally, unaffected by 
bilateral hypogastric nerve section). But further experiments are clearly 


Fig. 10. The lower record, taken from a filament from the right fundus, shows the nature of 
activity in the vesical plexus 22 days after pelvic nerve section. Note the absence of 
phasic variation; contrast with the upper record taken from a filament similarly 
situated on the left (unoperated) side. Intra-vesical pressure 500 mm. in each instance. 


Fig. 11. The lower record is again taken from the right fundus and represents the activity 
in the vesical plexus 22 days after pelvic nerve section. Contrast with the upper 
record which shows complete absence of activity in a filament from the left fundus one 
hour following pelvic nerve section on that side. Many days are required before the 
establishment of independent vesical plexus activity. Time as in Fig. 10. 


needed to decide how the reactions of the automatic bladder are con- 
trolled. The work of Govaerts [1935] shows that the stellate ganglion 
sends accelerator impulses to the heart after the ganglion has been 
separated from the central nervous system, but the discharge is relatively 
constant and independent of afferent stimuli. A persistent, spontaneous 
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* might well arise from a ganglion whose preganglionic fibres were 
degenerated. Whether the activity of the automatic bladder implies a 
discharge from the vesical ganglia which is reflexly controlled is a — 
which remains to be proven or — 


THE REFLEX ACT OF MICTURITION 


From the data that have been presented above it is possible to re- 
construct a clear picture of the reflex act of micturition, as it occurs in the 


anesthetized cat. 


As has been shown by Denny-Brown and Robertson, the primary 
stimulus to bladder activity in man is distension, both in the normal and 
in the automatic bladder. This is no less true in the cat, and the afferent 
side of the reflex arc has been clearly shown to depend upon muscle 
stretch. Both the afferent and the efferent sides of this reflex depend in 
the normal bladder of the cat upon the integrity of the pelvic nerves, and 
there is no evidence that it depends in any way upon either the hypo- 
gastric or the pudic nerves. The efferent effect is abolished by atropine 
and is greatly accentuated by pilocarpine, as indicated both by the 
electrical response and by the manometric readings. In the automatic 
bladder, after a period of depression the reflex becomes established at the 
vesical plexus level at a varying degree of efficiency and is then quite 
independent of the influence of spinal or higher centres. 

Though electrical evidence of a contracted posture of the internal 
sphincter has not been found, the work of a number of other investigators 
leaves little doubt that such is its posture when the detrusor is not 
contracting. There has been found in this investigation a close parallel 
between the impulses supplying both bladder fundus and bladder neck, 
and it is concluded that the impulses to the bladder neck are inhibitory 
while those to the fundus are excitatory. In other words, itis believed that 
there is a true reciprocal activity between fundus and neck, the neck 
(internal sphincter) relaxing as the detrusor contracts. 

As shown by Barrington [1914] the external is of the two sphincters 
the more important in the cat. Records taken from the pudic nerve 
supply to the external sphincter demonstrate clearly a constant discharge 
while the bladder is in a resting state and during the lesser fluctuations 
in pressure. With higher pressures, however, there occurs an inhibition of 
this activity a brief moment before fluid can be seen passing about the 
catheter. That this reflex depends for its inhibition upon the pelvic nerves 
is obvious, for after pelvic nerve section, either acute or chronic, it can no 
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longer be obtained even though urine be forcibly expressed past the 
resistant sphincter by compression of the fundus, and even though the 
gantheter be so placed as to irrigate the urethra. The only effect of this 
latter manoeuvre that I have been able to demonstrate has been spas- 
mo dio jerking of the external sphincter and associated perineal muscles, 
accompanied by a corresponding irregular efferent discharge. I have, 
_ then, been unable to confirm Barrington’s fourth reflex [1931] under 


Bes the conditions set up in my experiments. 


It has been possible to demonstrate a discharge up the pudic nerves 
synchronous with the passage of fluid along the urethra, and equivocal 


5 evidence has been obtained of muscle stretch receptor ‘activity in the 
compressor urethre muscle. 


Reference has already been made to the accessory sphincteric activity 
of the perineal musculature and of the levator ani. It may perhaps be 
permissible to query whether in man after prostatectomy it may be these 
muscles which act as 


SUMMARY 

1. Anatomical definitions: The bladder of the cat is made up of a 
fundus and a long neck, extending in the male to the prostate and in the 
female to a bulbous muscular expansion, similarly situated. In each sex 
this segment of the urethra extending as far as the pelvic fascia consti- 
tutes the first portion of the urethra and here lies the external sphincter. 
In the perineum lie certain “‘ accessory sphincteric” muscles. The internal 
sphincter is represented by the bladder neck. 

2. The tonic state of moderate contraction characteristic of the cat’s 
bladder is accompanied by a constant outflow of impulses over the pelvic 
nerves to the filaments of the fundus. 

3. Sudden reduction of intravesical pressure abolishes momentarily 
almost all nervous activity, though leaving a residual discharge which is 
associated with the contraction of the detrusor upon the escaping fluid 
contents. 

4. The afferent impulses responsible for the reflex come from 1 
receptors whose activity is similar to that of stretch receptors in skeletal 
muscle. 

5. The effective internal sphincter is the bladder neck. It receives its 
nerve supply from the pelvic nerve just as does the fundus, and the 
nature of the nervous activity is indistinguishable electrically from that 
of the fundus. The discharge to the fundus is definitely excitatory, and 


tte available evidence suggests that that to the bladder neck is inhibitory. 
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6. The external sphincter is characteristically maintained closed 
by a constant nervous discharge which is inhibited reflexly when the 
intravesical pressure rises to a critical level, the inhibition depending upon 
afferent impulses from the fundus carried over the pelvic nerves. 

7. The automatic bladder. The immediate result of pelvic nerve section 
is a disappearance of all postganglionic impulses to the bladder, but 10 
days or more after the section some discharge from the isolated ganglia 
can be detected. It is uncertain whether this discharge can ever become 
subject to reflex control and how far it regulates the mare? of the 
“automatic” bladder. 

8. It has been impossible to obtain evidence of a satisfying nature 
that the sympathetic system plays any part in bladder activity under the 
conditions set up in this series of experiments. 


The author wishes to express his indebtedness to Prof. E. D. Adrian for the provision 
of experimental facilities and for criticism. He is mst 99 88 to Dr D. Deany-Prown, 
London, for many helpful suggestions. 
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: | MAINTENANCE OF PREGNANCY IN THE HYPOPHY- 


SECTOMIZED RABBIT WITH PROGESTIN 
By J. M. ROBSON (Beit Memorial Research Fellow) | 
(From the Department of Pharmacology, University of Edinburgh) 
(Received February 3, 1936) | 


Removat of the pituitary in the rabbit during the second half of prég- 
nancy is followed by abortion within 24-48 hours [Firor, 1933; Robson, 
1936]; there is also evidence that degeneration of the corpora lutea 
follows cessation of the hypophyseal function. Furthermore, since 
removal of the ovaries or of the corpora lutea in the rabbit during the 
later stages of pregnancy also brings about abortion, it appeared possible 
that the consequences of hypophyseal extirpation might be due to 
cessation of the luteal activity. In the present experiments rabbits were 
therefore hypophysectomized during the later stages of pregnancy and 
injected with luteal hormone. As it was found that abortion could there- 


by be prevented the subsequent fate of the pregnancy was then studied. 


Normal parturition is accompanied by certain alterations in the 


5 reactivity of the uterine muscle to oxytocin [Knaus, 1930; Robson, 


1933a] which are probably due to the action of cestrin, as they can also 
be brought about by injections of the hormone [Robson, 19335, 1935 a]. 
The view that the cestrous hormone plays a part in the alterations re- 
sulting in the expulsion of the uterine contents is also supported by the 
findings of Reynolds and Firor [1933] on the pregnant uterus in vesti- 
gated in vivo. It was therefore of interest to determine whether the 
hypophysectomized pregnant animals would expel normal foetuses after 
cessation of the luteal administration and whether an increase in the 
uterine activity similar to that brought about by eestrin still occurred 
under those conditions. 
METHODS 


Mature female rabbits of various breeds were used and isolated for 


some weeks before the experiment; the mating was witnessed so that the 


exact duration of pregnancy could be established. At periods varying 
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from the 22nd to the 24th day of pregnancy hypophysectomy was 
performed by the orbital route [Firor, 1933]. The operation was done at 
a comparatively late stage of pregnancy, as the supply of luteal hormone 
available was limited. The completeness of the operation was checked by 
subsequent macroscopic examination. This is probably quite reliable, as 
the sella forms a definite and almost closed cavity in the rabbit. 

The operated animals were weighed daily and the course of the preg- 
nancy was also followed by careful abdominal palpation and occasionally 
by laparotomy. Two preparations of luteal hormone were used, namely: 

(1) A crude extract made from bovine corpora by the method of 
Robson and Hlingworth [1931]; 1 kg. of corpora yielded about 60 0. c. 
of extract. 


(2) Crystalline ee kindly supplied by Dr Tausk of 


Organon, Ltd. This was administered in solution in oil. In doses of 
0-75 mg. progesterone causes a progestational proliferation equivalent 
to that observed at the height of pseudo-pregnancy in ovariectomized 
mature rabbits previously treated with cestrin. | 

The preparations were injected subcutaneously, animals receiving two 
injections daily for 3-4 days. In the case of the crude preparation 4-6 C. c. 
per day were given, while progesterone was administered in doses up to 
4 mg. per day. Following the last injection a very careful watch was kept 
in order, if possible, to witness the process of parturition. Examination 
of the uterine reactivity and activity was then performed both in vitro 
and in vivo, the technique being similar to that previously described for 
aborting hypophysectomized animals [Robson, 1936]. 

The condition of the mammary gland was investigated in a number of 
experiments. The lower glands from one side were prepared for photo- 
graphy according to the method described by Hammond and Marshall 
[1930], while paraffin sections were cut from the lower glands of the other 
side. Owing to the previous operation and experimental interference 
these preparations were not always very satisfactory, though adequate 
for examination of size and distribution of mammary tissue. 

The mammary glands and ovaries were fixed in Bouin’s fluid and 
stained with hematoxylin and eosin. 


Resvuts 


The results of all the experiments on sixteen rabbits are given in 
Table I. The first fact that emerges quite clearly is that the administration 
of luteal hormone usually prevented the expulsion of the uterine contents 
which otherwise follows in 24-48 hours after the operation. The animals 
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ean be divided into four groups: (1) Four rabbits (Ra 574, 599, 605, 616) 


in which the foetuses remained in situ and alive for a period equivalent to 
the duration of normal pregnancy. One of these animals (Ra 616) 
received crystalline progesterone. 

(2) Four animals in which some foetuses remained in situ for a period 
equivalent to that of normal pregnancy, but died at some time following 
the removal of the pituitary. 

(3) Three animals in which the administration of luteal hormone 


did not prevent the expulsion of the uterine contents. 


(4) Five rabbits which died within a few days of the operation. None 


of these aborted before death, and post-mortem examination suggested 


that the uterine contents were normal before death, except in Ra 612, in 
which the foetuses were dead 4 days after hypophysectomy. 

Some of these animals require additional description. Ra 574 was 
used in the first experiment performed and 2 c. c. of the crude extract of 
the corpus luteum was injected twice a day for 5 days, the last injection 
being given on the 28th day of pregnancy. No foetuses were expelled 
until the 34th day after coitus when two young were found at 9 p.m., the 
animal having been under observation during the whole day. The animals 
were born dead but were fully formed and at least of normal size (weight 
of the two = 60 g.); death must have been very recent. 

This first experiment suggested that the luteal injections had been 
continued too long and that as a result the foetuses had ultimately died 
in utero, In the subsequent experiments, therefore, the injections were 
started a day earlier and continued until the 26th day of pregnancy. In 
the three other animals of the first group the results were as follows: 

Ra 599: Birth occurred during the night of the 30th-3lst day of 


pregnancy; three quite normal young were found in the cage on the 


morning of the 31st day. 

Ra 605: At 5 p.m. on the 31st day of pregnancy a dead foetus (fully 
formed and of normal size) and placenta were expelled; 20 min. later a 
normal live foetus was born and at 8.20 another dead foetus, but of normal 
size, was expelled. Laparotomy was then performed: the uterus contained 
four normal live foetuses and one dead fœtus. 

Ra 616: On the evening of the 28th day of pregnancy two dead 
foetuses, but of normal size, were found in the cage and another one was 
found at 4.0 a.m. the next morning. Twenty minutes later a live foetus — 
was found and at 5.30 a.m. another dead foetus was found. Laparotomy 
was performed shortly afterwards: the uterus contained two live and 
perfectly normal foetuses. 
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TaBLE I, Showing data of operations and injections and results of experiments on the state of the uterus. Laparotomy for experimental investigation was performed 


in some of the animals before all the uterine contents were expelled. The spontaneous activity was measured in cm. on the tracings 
injections | 
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In these four animals the uterine condition was investigated follow- 
ing abortion: in Ra 599 this was done on the morning after birth, but in 
the other animals the experiment was performed very shortly after expul- 
sion of some or all of the uterine contents. In all these rabbits the uterine 
reactivity was very high; 0-002-0-003 unit of oxytocin per 100 c.c. caused 
a motor effect in vitro. In vivo records were obtained in three of the 
animals, In two of these intravenous injections of 0-01 and 0-005 unit of 
oxytocin respectively produced a contraction, while in the third (Ra 616) 


a satisfactory examination could not be completed but the injections of 


0-02 unit gave a marked contraction. 

Similar examinations were made of two animals (Ra 580 and 588) 
following the expulsion of dead foetuses ; the uterine reactivity to oxytocin 
was high; the reactivity in vitro was, however, definitely lower than in 
the first group, doses of 0-01 and 0-03 unit per 100 c.c. being necessary to 
elicit a motor effect. 

In two animals (Ra 594, 597), in which abortion occurred prematurely 
in spite of the luteal injections, the uterus was examined subsequently on 
the 30th day following coitus, i. e. about the time at which parturition 
would have occurred had the pregnancy continued. In Ra 594 the 
fœtuses were still palpable on the 27th day of pregnancy (though it is 
uncertain whether they were alive) but not on the 28th day; there was 
also a drop in weight of 110 g. overnight. In Ra 597 the abortion occurred © 
during the period of injections and the dead foetuses were found in the 
cage. In both animals the uterine reactivity on the 30th day was low: 
0-1 unit per 100 C. c. caused a contraction of the uterus of Ra 597, while 


0-5 unit per 100 0.0. was without effect on the isolated uterus of Ra 594. 


It is to be noted that none of the hypophysectomized animals which 
carried its young to full term showed any evidence of nest formation. 


HIS TrOLOGv 


Histological examination of the ovaries in the animals of the first 
group was performed at the time of the expulsion of the fœtuses and gave 
the following result: 

Ra 574 and 605: The corpora lutea were like, or possibly rather smaller 
than, those usually found just after a normal birth. The follicles were far 
fewer and smaller than those normally found after the birth of a litter. 

Ra 616: The corpora lutea were quite similar to those found just after 
birth. Some of them were quite large and vascular as is illustrated in 
Plate I. The follicles, though better developed than Ra 574 and 605, were 
not so well developed as is normal immediately after parturition. 
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It must be concluded that hypophysectomy has affected the follicular 
system to a much greater extent than the corpora lutea, which are only 
slightly, if at all, smaller than after a normal birth. | 
Examination of the mammary glands of the animals of the first group 
showed that they were not so well developed as at the end of a normal 
pregnancy. At the time of expulsion of the foetuses some watery fluid 
could be expressed from the nipples in Ra 599 and 616. In Ra 574 the 
fluid expressed was not clear but was like colostrum. In Ra 599 birth 
occurred during the night, and by the next morning clear fluid could be 
expressed from the nipples. In none of these animals was any milk 
obtained from the nipples at any time during the experiment. It appears 
likely that these glands had not changed much if at all after removal of 
the pituitary. A typical photograph and section are given in Plate II. 

In three of the animals (Ra 606, 580, 597), in which abortion occurred 
during or following progestin injections, milk could be expressed from the 
nipples. In the case of Ra 580 the amount was quite profuse. In Ra 597 
a laparotomy was performed on the 26th day of pregnancy, i. e. 4 days 
after hypophysectomy, and the uterus was found to be empty, abortion 
having occurred during the previous days. Milk could be expelled from 
all nipples, the flow from the lower ones being quite profuse. Four days 
later, when the animal was killed, the mammary glands still contained a 
considerable amount of milk, a stream of which could be expressed from 

the lower nipples. 


Discussion 


The investigations reported in the literature on the effects of removal 
of the pituitary during the later stages of pregnancy in a number of species 
show that various types of results have been obtained in different animals. 
They may be divided into: 

(1) Animals in which hypophysectomy is consistently followed by 
abortion. This occurs in the rabbit [Firor, 1933] and in the bitch 
[Aschner, 1912; Houssay, 1935]. In the rabbit removal of the pituitary 
is followed by atrophy of the corpus luteum. There appears to be no 
information regarding the fate of the corpus luteum in the bitch following 
hypophysectomy. 

(2) Animals in which hypophysectomy does not necessarily lead 
to abortion and in which the corpora lutea atrophy (the guinea-pig) 
[Pencharz and Lyons, 1934]. In this species removal of the ovaries 
during the later stages of pregnancy may be followed by a continued 
normal gestation. 
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Fig. 1 b. 


Fig. 1a. Photography of lower mammary gland of Ra 616 at the time of 
expulsion of the uterine contents. 


Fig. 1b. Section of the lower mammary gland of Ra 616. x 9. 3 7 
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(3) Animals in which removal of the pituitary during pregnancy is 
followed neither by abortion nor by degeneration of the corpora lutea 
(the rat and the mouse) [Selye, Collip and Thomson, 1934]. In these 
animals @emoval of the ovaries during pregnancy is re: followed by 
expulsion of the uterine contents. 

The published data on the cat [Allan and Wiles, 1932; McPhail, 
1935] and the ferret [Mc Phail, 1935] are not sufficient to allow of the 
animals being included in the above classification. 

An examination of all the data suggests that removal of the pituitary 
leads to a termination of the pregnancy only when (a) it is followed by 
an atrophy of the corpus luteum of pregnancy and (b) the continued luteal 


activity is essential for the maintenance of pregnancy. It would thus seem 


that as far as the maintenance of pregnancy is concerned the hypophyseal 
function consists in controlling the activity of the corpus luteum. 

The present experiments on the rabbit fully support this view, for 
they have shown that normal gestation can be maintained up to full 
term in the hypophysectomized animal by the administration of the 
corpus luteum hormone. Furthermore, it seems possible that the only 
luteal secretion involved is progesterone, since one animal (Ra 616) in 
which pregnancy was maintained received only crystalline progesterone. 
In view of the state of the corpora lutea in these animals such a deduction 


cannot, however, be definitely made. 


The results obtained on the uterine activity are of interest as they 
show that the expulsion of the uterine contents in those animals in which 
pregnancy was maintained by progestin administration was accompanied 
by a high uterine activity similar to that observed at normal parturition. 
That the development of this reactivity was dependent on the presence 
of the uterine contents and did not merely follow cessation of progestin 
administration can be concluded from the fact that in two animals 
(Ra 594, 597) in which corpus luteum injections were performed for the 
usual periods (22nd-26th days), but in which the uterine contents were 
either aborted or absorbed, examination on the 30th day of pregnancy 
showed a low uterine reactivity to oxytocin. The conclusion that ces- 


sation of luteal secretion is not followed by a reactivity of the uterus to 


oxytocin similar to that existing at parturition is also in agreement with 
previous experiments on the uterine reactivity following removal of the 
uterine contents during a normal pregnancy, and on the uterine reactivity 
at the end of a normal pseudo-pregnancy [Robson, 1934]. 

In view of the known action of cestrin on the uterine reactivity in the 
rabbit [Robson, 1933.4, ö, 1935 a] it seems quite likely that the high 
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reactivity observed during parturition in the animals in which gestation 
was maintained with progestin is due to the production of cestrin 
either by the uterine contents or by the ovaries under the control of the 
uterine contents. The fact that the ovaries showed a decrease in the 
development of the follicular apparatus as compared with those animals 
following a normal pregnancy suggests that they were not responsible for 
the cestrin secretion. 
The actual process of parturition appeared to be quite normal in some 
cases (e.g. Ra 599), but other foetuses were born with difficulty. It is to be 
noted that in some species (e. g. the guinea-pig, the cat, the ferret) normal 
expulsion of the uterine contents may occur in the absence of the hypo- 
physis, while in others (e.g. the rat and mouse) this is not usually the case, 
as parturition is delayed and may be difficult [Pencharz and Long, 
1933]. The results on the rabbit support the view that the presence of the 
pituitary is not always essential for the occurrence of normal parturi- 
tion. | 
The histological appearance of the ovaries at the end of gestation in 
the hypophysectomized animals shows that the luteal structure can be 
maintained in the absence of the pituitary during the latest stages of 
pregnancy. Removal of the uterine contents at the 15th day of pregnancy 
is followed by atrophy of the corpus luteum [Hammond, 1917], but 
no data are available regarding the fate of the corpus luteum when the 
uterine contents are removed at the 22nd-24th days of gestation. Further 
investigations are, indeed, necessary before the mechanism involved in the 
control of the luteal function at this stage can be fruitfully discussed. The 
decrease in follicular activity in the ovaries of the hypophysectomized 
animals is presumably due to an absence of the hypophyseal activity 
which is normally responsible for the initiation of follicular growth at the 
time of parturition. 
In the absence of the pituitary, development of the mammary glands _ 
did not occur during the latest stages of pregnancy even though the 
corpus luteum did not atrophy appreciably, as compared with normal 
pregnancy. Moreover, the fact that gestation was continued suggests 
that no marked alterations in the balance of the ovarian hormones 
occurred. It is therefore to be presumed that the development of the 
mammary glands during the latest stages of pregnancy is dependent on 
the action of the pituitary, and this action is not exerted through the 
agency of the ovarian hormones. In view of the results obtained by a 
number of investigators [Corner, 1930; Riddle, Bates and Dykshorn, 
1933], it appears likely that the hypophyseal action is dependent on the 


* 
. 
2 
* 
4 Z 
— 
talk 
4] 
* 
a 
va 
* 
** 
2 
2 
7 
* 
N 
uy 
7 
ry * 
2 
f * 
* 


HYPOPHYSECTOMY, PREGNANCY AND PROGESTIN 423 


production by the anterior lobe of prolactin, acting directly on the 
mammary glands. 

No production of milk occurred in any of the four hypophysectomized 
animals in which gestation was maintained up to full term. In three 
animals, however, in which pregnancy was interrupted, a fluid in- 
distinguishable from milk in appearance could be squeezed out of the 
nipples, the flow being quite profuse in two of these rabbits. It may be 
that this production of milk in the mammary glands is dependent on the 
interruption of pregnancy, though the active factor involved in the 
initiation of the secretion cannot have been derived from the pituitary. 
It appears possible that the products of conception might have been 
involved; in this connection it is of interest to note that Selye, Collip 
and Thomson [1934] found that a temporary production of milk 
occurred in rats and mice, following parturition in the absence of the 
pituitary. Moreover, it seems as though a cessation of cestrin secretion 
may perhaps be a factor in the initiation of lactation in the animals in 
which pregnancy did not continue, since it has been shown that cestrin 
may exert an inhibitory action on the secretory activity of the mammary 
glands [Robson, 19356]. No explanation can at present be offered for the 
continuation of secretion in one hypophysectomized animal (Ra 597) 
during 4 days after complete emptying of the uterus, though McPhail 
[1935] has shown that, after removal of the pituitary in the * cat, 
milk 1 may continue for several days. 

SUMMARY 

Rabbits were hypophysectomized on the 22nd-24th 1 of preg- 
nancy and injected with corpus luteum hormone for 3-4 days. In some 
of these animals pregnancy was maintained up to full term and normal 
parturition ensued; some foetuses were, however, born dead. One rabbit 
injected with crystalline progesterone carried a normal litter to full term. 


At parturition the uterine reactivity to oxytocin in vitro and in vivo 


was very high, being similar to that observed at normal parturition. It 
was, however, low on the 30th day following coitus in two hypophysecto- 
mized animals in which premature expulsion of the foetuses occurred. 
The corpora lutea of those animals which carried to full term were but 
little, if at all, smaller than in animals after a normal birth. The follicles 
were, however, far fewer and smaller than after the birth of a litter. 
The mammary glands showed little or no development following 
removal of the pituitary. No milk production occurred in animals which 
carried to full term. Milk was produced in the mammary glands of some 


rabbits in which pregnancy terminated prematurely. 
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It is with pleasure that I express my gratitude to Mr J. Hammond, for his opinion 
and advice on the histological material. 


The expenses of this investigation have been defrayed by grants from the Medical 
Research Council and from the Moray Fund of the University of Edinburgh. 
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THE RESPONSE TO DRUGS OF GUT MUSCLE IN 
ASPHYXIA AND IN IODOACETIC ACID POISONING 


Bu B. N. PRASAD 
(From the Department of Pharmacology, University of Edinburgh) 
(Received February 8, 1936) 


INTRODUCTION 


Tux author has shown in previous papers (1935 a, 19355) that the isolated 
mammalian gut normally oxidizes both carbohydrate and non-carbo- 
hydrate substances, and that it can maintain fairly normal activity when 
it is dependent entirely on glycolysis for its supply of energy (normal 
muscle asphyxiated in glucose-Locke’s fluid), and when all glycolysis is 
arrested (1.4.4. poisoned muscle supplied with oxygen). 

The present experiments were undertaken to determine whether these 
changes in metabolism affected the response of the muscle to adrenaline 
or to acetylcholine. 

LITERATURE 


The evidence is conflicting as regards the response of mammalian gut 
muscle to drugs during asphyxia. 

Evans 11919] observed identical effects of pilocarpine on 8 musole 
under anoxsmia produced by cyanide and by hydrogenated Tyrode 
solution; in both cases a powerful contraction was noted which lasted 
for 3 min., while the rise of tonus in oxygenated condition lasted for over 
50 min. but at once disappeared with NaCN (1: 58,000). Further, he 


found that the gut in cyanide anoxemia could respond to pilocarpine 


once only and that the second dose was ineffective. 

Gross and Clark [1923] observed that the asphyxiated gut did not 
respond to adrenaline or to stimulant drugs such as pilocarpine but re- 
sponded to such stimulants as potassium chloride and barium chloride 
which acted directly on the muscle. They thought that asphyxia paralysed 
the sympathetic and or nerve — before the poate 
was itself paralysed. | 
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Gerry [1928] found that pituitary extract produced no effect on the 
guinea-pig’s uterus in complete absence of oxygen and that histamine 
also was without effect on the rabbit’s gut under similar conditions. 

Schmitt and Nicoll [1933] observed that arecoline, pilocarpine and 
- acetylcholine failed to produce contracture of intestinal strips when they 
were under the influence of NaCN; but after washing out the NaCN these 
drugs produced their usual action. They found that / 2000 concentration 
of hydrogen sulphide completely inhibited the action of acetylcholine 
(2 x 10-*) on intestinal strips, and that a mixture of carbon monoxide 
and oxygen inhibited the action of adrenaline on the uterus and of 
acetylcholine on the intestine in the dark. 


Mergops 


Strips from the cat’s colon, free from mucosa, were suspended in the 
alkaline Locke’s fluid, which contained no glucose. The muscle was 
stimulated electrically and was loaded with 5 g. in order to abolish effects 
due to slight changes in tonus. The rhythmic stimulation of the gut muscle 
made it easy to determine whether a muscle which had been depressed 
by asphyxia was or was not still capable of showing @ response to a drug. 
Asphyxia was produced by substituting nitrogen in place of oxygen or by 
mer of sodium cyanide in the oxygenated Locke’s fluid. 


(1) Action of acetylcholine 
Fig. 1A shows that gut muscle deprived of oxygen but supplied with 
glucose gives a normal response to acetylcholine. Fig. 1B shows that 
gut muscle whose response to stimulation has been abolished by lack of 
oxygen in absence of glucose can still respond to acetylcholine. — 

Fig. 2 B shows that fresh gut, when arrested in oxygenated Locke’s 
fluid by sodium cyanide, can respond to acetylcholine, while Fig. 2 A 
shows that a piece of gut fatigued by repeated responses to acetylcholine 
and then poisoned with sodium cyanide does not respond to acetylcholine, 
yet when glucose is supplied it gives repeated responses to the drug. 

Fig. 3 shows that gut muscle poisoned with 1. A. A. gives a powerful 
response to acetylcholine, and that even when such muscle has been 
deprived of its oxygen and the muscle is passing into rigor the ithe still 
produces some action. 

(2) Action of adrenaline 7 

Fig. 4 shows that adrenaline produces a powerful inhibitor action on 
gut muscle which has been deprived of oxygen but is supplied with 
glucose. The action produced in 9 is more prolonged than when 
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Fig. I. Effect of acetylcholine on asphyxiated cat’s gut muscle. A, when glucose 
is available; B, when no carbohydrate is available. Time =1 min. 


Fig. 2. Effect of acetylcholine on cat’s gut under cyanide asphyxia. A, with and without 
cyanide poisoning and also with and without available carbohydrate; B, on fresh gut 
without previous stimulation by the drug. m million. Time=1 min. 


Fig. 3. Effect of acetylcholine (1: 10 million) on cat’s colon poisoned with 
7 1.4. 4. and with oxygen and lack of oxygen. Time =1 min. 
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Fig. 4. Effect of adrenaline hydrochloride (1: 10 million) on asphyxiated cat’s colon when 
glucose is available and also under oxygenation. Time =1 min. 


oxygen is present. The difference is presumably due to asphyxia prevent- 
ing the oxidation of adrenaline, because the introduction of oxygen cuts 
short the inhibition. 


Fig. 5. Effect of adrenaline hydrochloride on cat’s colon before cyanide asphyxia, during 
cyanide asphyxia and after washing out the cyanide. m = million. Time =1 min. 


7 
2 
1 
pr. 
aa 
A 
* 
* 
55 
a 
2 
7 
q 
* 
— 
2 
K 
a 
1 
* 
4 
4 2 
4 
8 
> 
* 
77 
4 
2 
22 
** 
* 
N * 
* 
8 
. 
= 1 2 
"4 
4 
1 
a 
2 
— 
a4 


RESPONSE TO DRUGS OF GUT MUSCLE 429 


Fig. 5 shows the inhibitor effect of adrenaline in oxygenated Locke’s 
fluid with and without cyanide; the inhibition in the former case is very 
transient. | 

Fig. 6 shows that adrenaline produces its usual inhibitory action on 
gut muscle poisoned with 1. A. A. 


Discussion 
The results obtained show that the action of acetylcholine and of 
adrenaline is approximately the same under aerobic and anaerobic 
conditions. Sodium cyanide poisoning makes the stimulant and inhibi- 
tory action of acetylcholine and adrenaline very transient. Even when 


Fig. 6. Effect of adrenaline hydrochloride (1: 10 million) on cat’s colon 
poisoned with 1.4.4. under aerobiosis. Time =1 min. 


the gut muscle is paralysed by asphyxia in the absence of glucose, 


acetylcholine can still produce a stimulant effect. This suggests that 
acetylcholine can release some source of energy that is not available to 
the normal gut even when this is driven by rhythmical electrical 
stimulation. 

These results are opposed to the results obtained by Clark and Gross, 
Garry and Schmitt and Nicol. The probable reason for this divergence 
in results is that these authors studied the effect of drugs on the spon- 
taneous activity of the gut, whilst the results described in this paper 
were obtained with gut muscle that was driven by electrical stimulation. 

The experiments with 1.4.4. show that the abolition of glycolysis makes 
no certain difference to the response of gut muscle to acetylcholine or to 
adrenaline. It appears, therefore, that the response of the gut muscle to 
acetylcholine and adrenaline is not markedly influenced by changes in 
the metabolic processes of the tissue. 
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SuMMARY 


1, Gut muscle driven by rhythmical electrical stimulation and ar- 
rested under asphyxia can still contract in response to acetylcholine. 

2. Adrenaline has a powerful inhibitory action on the activity of gut 
muscle asphyxiated in presence of glucose. 

3. Gut muscle poisoned with 1. A. A. responds in a normal manner to 
adrenaline and to acetylcholine. 

4, The response of the gut muscle to acetylcholine and adrenaline is 
not markedly influenced by changes in the metabolic processes of the 
tissue. 


The author wishes to acknowledge his great indebtedness to Prof. A. J. Clark for his 
advice throughout the course of this investigation, and to thank the Moray Fund of 
Edinburgh University for a grant in aid of the expenses. 
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‘LIBERATION OF HISTAMINE BY 
THE HEART MUSCLE 


By G. V. ANREP, d. 8. BARSOUM ann M. TALAAT 
8 the Physiological Laboratory, University of Cairo, _— 


(Received February 3, 1936) 


Tun experiments described in the present communication were made in 
continuation of the work of Anrep and Barsoum [1935a] who reported 
that a considerable amount of histamine appears in the venous blood 
emerging from. the skeletal muscle during its contraction. In a resting 
muscle, under conditions of an adequate blood supply, the histamine 
equivalent of the venous blood is the same as that of the arterial blood. 
During periods of contraction the histamine equivalent of the venous 
blood is increased. The excess histamine is the greater the stronger and 
the more prolonged the muscular contraction. As an average of many 
determinations it was found that about 0-45y of histamine expressed as 
histamine acid phosphate is liberated per gram of muscle per minute 
during a maximal tetanus. The time relations between the hyperemia 
following muscular contraction and the liberation of histamine, as well 
as the relation between the magnitude of the hyperwmia and the amount 
of histamine appearing in the venous blood, strongly suggested that 
histamine might be an important, if not the main, factor determining 
the increase in the blood flow through active muscles. The question 
whether the excess histamine appearing in the blood is due to a liberation, 
or to a production, of it by the muscle, remains as yet unanswered. 
Neither is anything known about the particular physical or chemical 
phase of the contraction which is directly or indirectly responsible for 
the appearance of an excess of histamine in the venous blood. 
| In view of these observations it became of interest to determine the 
histamine equivalent of the blood emerging from the coronary blood 
same way as skeletal muscles. 
The experiments were performed on heart-lung . on dogs. 
This preparation was chosen in preference to working on the whole 
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animal because it permits of a Satisfactory control over the hemodynamic 
conditions under which the heart is made to work, such as the cardiac 
output, arterial blood-pressure and heart rate. The circulating blood was 
rendered uncoagulable by defibrination, by addition of heparin or by 
addition of chlorazol-fast pink. The coronary blood was drained from 
the coronary sinus with the help of a suitable cannula. Samples of the 
arterial blood were taken immediately above the aorta. In the first few 
experiments the coronary blood was kept separately and not returned 
into the circulation of the preparation. In the rest of the experiments, 
in view of the obvious inconvenience of this procedure, the coronary 
blood was mixed with the blood in the reservoir of the heart-lung 
apparatus. It was soon found that this had no effect whatever on the 
run of the experiments. The blood samples were collected directly in 
10 p.c. trichloroacetic acid. The histamine equivalent was determined 
by the method of Barsoum and Gaddum [1935] on the guinea-pig’s 
ileum and expressed in terms of histamine acid phosphate (B.D.H.). 
Following the advice of Prof. J. H. Gaddum we used concentrated HCl 
for the hydrolysis of the blood filtrates instead of N HCl as originally 
recommended by Barsoum and Gaddum. This ensured a better 
removal of various depressing substances which interfered with the 
determination of the histamine equivalent. The use of concentrated HCl 
was especially important where chlorazol-fast pink was used as anti- 
coagulant. Another modification, which we finally adopted as a routine, 
was the atropinization of the guinea-pig’s ileum used for the tests. By 
paralysing the action of choline, atropine made the ileum much less 
erratic in its behaviour without diminishing its sensitivity to histamine. 
In some experiments the determinations were checked on the rectal 
cecum of the fowl and on the blood-pressure of the atropinized cat. 


CoNTROL EXPERIMENTS 


In all control experiments the heart was made to work against a 
mean arterial pressure of 100 mm. Hg; the output of the heart was kept 
constant between 400 and 600 c.c. per minute. The temperature of the 
circulating blood was maintained between 36 and 37° C. 

The production of histamine under constant conditions. The most 
constant feature of these experiments was that the histamine equivalent 
of the coronary blood was invariably higher than that of the arterial 
blood. Only in five comparative determinations out of over 250 made in 
thirty-six experiments was the difference between the arterial and the 
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coronary venous blood within the limits of the accuracy of the method. 
The amount of histamine produced by the heart per minute varies from 
one preparation to another but not excessively. In the majority of the ex- 
periments it was between 0-1 and 1-5y per heart per minute. This difference 
did not depend on the weight of the heart, and since all the control 
experiments were made under the same conditions as regards tem- 
perature, output and arterial resistance it is unlikely that the difference 
can be explained by some gross circulatory variations in the individual 
experiments. In a few preparations the excess histamine in the venous 
coronary blood was over 2y per minute, and in one it was as high as 
5y per minute. 

The most important factor, on which the liberation of histamine by 


the heart depends, seems to be the condition of the heart muscle itself. 


It was invariably the case that strong hearts which could withstand a 
high arterial resistance without failing produced more histamine than 
weakly beating hearts. In perfect control experiments the histamine 
production by the heart was maintained at a fairly constant rate up to 
3 hours. By a perfect control we mean an experiment in which the heart 
was made to beat for the entire period of observation under absolutely 
constant conditions, in which no fresh blood was added to the circulating 
blood and in which the oxygen saturation and the carbon dioxide content 
of the blood did not change appreciably. If the heart shows no sign of 
weakening, the histamine production tends to remain constant. In 
failing hearts it diminishes towards the end of an experiment. In ex- 
periments in which the oxygen saturation gradually declines, which 
frequently happens as a result of an incipient coedema of the lungs, the 
histamine production increases. The following experiments illustrate the 
extent of these changes. 

Exp. 14. Heart 45 g.; lungs in bad condition showing some hemorrhagic 
patches. A small blood vessel was ruptured during the preparation and 
a hematoma developed at the root of the aorta compressing the first part 
of the pulmonary artery. As the experiment progressed the heart rapidly 
failed, its output diminishing in 1 hour from 500 to 150 c.c. per minute. 
The histamine production, which was at the beginning of the experiment 
equal to 0-34y per minute, declined to a vanishing point at the end of 
the experiment. 

Exp. 18. Heart 74 g. Histamine production at the beginning 0-45y 
per minute, At intervals of 30, 60, 90 and 140 min. it was 0-46, 0-48, 
0-52 and 0-80y per minute. The heart was beating well throughout the 
experiment, but the lungs became somewhat cedematous and the oxygen 
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saturation of the arterial blood gradually diminished during the last 
half-hour. 

Exp. 29. Heart 69 g. At the beginning of the experiment the histamine 
production was 0-48y per minute, an hour later it was 0-57y; the heart 
then began to weaken as evidenced by an appreciable rise in the right 
venous pressure, and the histamine production dropped towards the 
end of the second hour to 0-052y per minute. At the end of the third 
hour, when the heart became very dilated and could just maintain the 
original output of 500c.c. against a mean pressure of 100 mm. Hg, it 
became impossible to detect an arterio-venous histamine difference. 

Exp. 30. Very strong heart, 90 g. In the beginning of the experiment 
the histamine production was the highest ever observed in a control 
experiment, 4-9, per minute. At hourly intervals, as the experiment 
continued, it remained steady at 2-50, 2-18 and 2-2ly per minute. 

In almost every experiment the histamine production remained 
constant for at least 14 hours from the beginning of the experiment. 
If the heart shows no signs of weakening and the composition of the 
blood remains constant the histamine production also tends to remain 
at a fairly constant level. 

The histamine equivalent of the arterial blood. In most of the experi- 
ments the venous coronary blood was returned into the reservoir of the 
heart-lung apparatus and mixed with the blood of the systemic circula- 
tion. Since the heart constantly produces a considerable amount of 
histamine it was important to determine to what extent the histamine 
equivalent of the arterial blood increases with the progress of an 
experiment. This was naturally made in every experiment, since we 
always had to analyse the arterial as well as the coronary venous blood. 
In all the heart-lung preparations in which the oxygenation of the blood 
was adequate the histamine equivalent of the arterial blood hardly 
changed at all; in preparations in which the oxygenation became deficient 
the arterial histamine equivalent increased towards the end of the 
experiment. Considering, however, the amount of histamine entering 
the circulation this increase can be regarded as entirely negligible. For 
example, in Exp. 30, quoted above, the arterial histamine equivalent 
was 0-040y per c.c. at the beginning of the experiment. At hourly 
intervals it was determined as 0-035, 0-047 and 0-055y per c.c. The heart 
was producing histamine at an average rate well above 2y per minute. 
We can, therefore, calculate that the total production of histamine during 
the 3 hours of observation was not less than 400y. This is a most con- 
servative estimate, since it is made without taking into account the blood 
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which escapes the coronary sinus through the Thebesian veins. The 
amount of blood in the circulation was 500c.c. Had there been no 
destruction of histamine proceeding simultaneously with its production 
the histamine equivalent of the arterial blood should have increased by 
0-8y per c.c. Instead, it increased only by 0-015y per c.c., meaning that 
about 390y of histamine were destroyed. In other experiments the 
relations were of about the same order. It is, therefore, safe to assume 
that in spite of the constant production of histamine by the heart, the 
histamine supplied to it-by the arterial blood is almost constant through- 
out the experiment. 

The destruction of histamine in the heart-lung preparation does not 
take place in the blood but almost entirely in the lungs [Best and 
McHenry, 1930]. The histamine equivalent of the aortic blood is 
invariably less than that of the pulmonary arterial blood. The difference 
remains conspicuous even after injection of large amounts of histamine 
into the venous reservoir of the preparation. For example, in one 
experiment the histamine equivalent of the pulmonary arterial blood 
was 0-03 per c.c., while that of the aortic blood was 0-012y per c. o.; 
after addition of some histamine its equivalent in the pulmonary blood 
increased to 0-270y per c.c., while in the aortic blood it increased only 
to 0-095y per c.c. 

Spontaneous changes in the coronary blood flow. The coronary circu- 
lation in a heart-lung preparation as measured by the outflow of blood 
from the coronary sinus gradually increases as the experiment continues. 
Hilton and Eichholtz [1924-5] have shown that this spontaneous 
increase in the blood flow through the heart muscle is not caused by 
a change in the gaseous composition of the blood, and that administration 
of oxygen does not prevent the increase in the coronary blood flow. 
Their experiments also suggest that it is not likely to be due to an 
accumulation of some non-volatile products of metabolism in the 
circulating blood. Their evidence, although indirect, seems to be con- 
vincing. They found that on replacing all the circulating blood by blood 
which was kept warm out of contact with the tissues the coronary blood 
flow failed to return to normal, but remained increased. The experiment 
would have been, of course, still more convincing if they had used fresh 
blood instead of blood which was kept in a warm bath for some time. 
The “metabolites”, such for instance as adenosine, could well develop 
in the standing defibrinated and therefore shaken blood e and 
Gaddum, 1935]. 

As far as our 1 are concerned they show that histamine 
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cannot be the cause of this spontaneous increase in the coronary blood 
flow. For example, in Exp. 18 the outflow from the coronary sinus 
increased in 2 hours from 28 to 75 c. c. per minute, while the histamine 
of the arterial blood increased from 0-020 to 0-025y per c.c. In Exp. 19 
the coronary blood flow increased in 2 hours 15 min. from 30 to 69 c.c. 
per minute, while the arterial histamine equivalent increased from 0-012 
to 0-014y per c. 0. In Exp. 30 at 1-hour intervals the coronary blood flow 
was 35, 76, 87 and 96 c.c. and the arterial histamine was, as given before, 
0-040, 0-035, 0-047 and 0-055y per c.c. Especially convincing are Exps. 8 
and 14, In the first the heart was very weak and had an advanced serous 
pericarditis. The pericardium was full of fluid, its parietal layer was 
intensely vascularized, while the visceral layer was thickened and 
opaque. In this preparation the histamine equivalent of the arterial 
blood was so small that it could not be determined with certainty. It 
was less than 0-005y per c.c. and it did not increase towards the end of 
the experiment. The coronary blood flow, however, increased in 14 hours 
from 28 to 60 0.0. per minute. In the other experiment the pulmonary 
artery was compressed (as mentioned before) by a hematoma of the 
root of the aorta. The arterial histamine equivalent was 0027 per c. c. 
in the beginning of the experiment, while the coronary blood flow was 
26 C. 0. per minute; 1 hour later the arterial histamine equivalent 
increased to 0-035y, the coronary blood flow remaining at 27 c. c. per 
minute. After an interval of another hour the arterial histamine equi- 
valent was found to be the same as before, i. e. O- O35 %, but the coronary 
blood flow increased to 52 c.c. per minute. 

From these determinations of the histamine equivalent of the arterial 
blood as well as from the measurements of the histamine production by 
the heart, it is safe to conclude that the progressive spontaneous increase 
of the coronary blood flow in the denervated heart-lung preparation 
cannot be attributed to an increase in the histamine concentration of 
the 3 blood nor to an increase in its production by the heart 
muscle. | 

Effect of changes in the heart rate and in the systemic output. Neither 
changes in the heart rate nor in the systemic output have a determinable 
effect on the production of histamine by the heart. This can be seen from 
the following examples. 

In Exp. 6 (heart 60 g.) the spontaneous heart rate was 112 beats per 
minute and the coronary blood flow 19 c. 0. per minute. The histamine 
equivalent of the arterial and of the venous blood was 0-019 and 0:026y 
per e. o. respectively. The histamine production was therefore equal to 
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0-133y per minute. The heart rate was now increased to 260 beats per 
minute by application of single induction shocks to the right auricle; 
the systemic output and the arterial blood-pressure were maintained 
constant. The fast heart rate was kept on for 7 min. when the arterial 
and the venous coronary blood samples were again collected and analysed. 
The histamine production as well as the coronary blood flow were found 
to be unchanged. In Exp. 10 (heart 73 g.) the heart rate was increased 
for 5 min. from 98 to 170 beats per minute, the histamine production 
remaining constant at 0-44y per minute. 

In Exp. 7 (heart 100 g.) the systemic output was increased from 
400 to 1400 c.c. per minute, the histamine production remaining the same 
at 0-5ly per minute, and in Exp. 13 (heart 83 g.) the histamine pro- 
duction was constant at 0-54y per minute, while the systemic output was 
changed from 250 to 860 c.c. and then to 1500 c.c. per minute. The mean 
blood-pressure was kept constant throughout the period of an observa- 
tion by regulating the arterial resistance of the preparation. Under these 
conditions the outflow from the coronary sinus did not change with 
variations of the output and of the heart rate by more than a few cubic 
centimetres per minute. | 

Effect of changes of the arterial blood-pressure. The most important 
factor affecting the histamine production by the cardiac muscle is the 
height of the arterial blood-pressure against which the heart is made 
to beat. Changes in the blood-pressure have an abrupt and a considerable 
effect which is so definite and so easy to reproduce that a small number 
of examples will be sufficient to illustrate its magnitude. 


Tam I. Exp. 3. Heart 57g. Output between 500 and 550 C. o. per minute. Each 
new blood-pressure is maintained for not less than 5 min. 
Coronary Arterio-venous 
Mean blood- sinus blood $ Histamine histamine Histamine 
of blood pressure in flow in equivalent in difference production 


sample mm. Hg o. c. per min. y per o. o. in y perc.c. in y per min. 
40 9062 2-06 
— 10 9073 5-25 
5¹ Sons 0-048 214 
= 10 8 0-027 0-51 


In the above experiment the histamine equivalent of the arterial 


blood remained constant throughout the period of observation, while 
28—3 
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that of the venous blood increased with a rise and diminished with a 
fall of the arterial blood-pressure. The coronary blood flow naturally 
varied in the same direction as the blood-pressure. Both factors con- 
tributed, therefore, to the calculation of the histamine production by the 
heart muscle. The above is an average experiment except that the heart 
was from the beginning to the end in a very good state, and the histamine 
production at the standard conditions of 100 mm. Hg of the arterial 
blood-pressure was higher than usual. In many experiments the histamine 
production was smaller, but the relative increase of it in response to a 
rise of the arterial blood-pressure was of the same order. This can be 
seen from Table II, which gives the results of a few more experiments. 


Tape II. Effect of arterial blood-pressure on the histamine production by the heart. 
The production of histamine is given in y per minute. 


in mm. g Exp. 1 Exp.2 Exp.5 Exp. 6 Exp. 9 Exp. 14 
50 0-25 0-63 0-20 0-13 0-13 0-05 
100 he 3-20 1-90 55 0-47 0-34 
150 20 340 2-80 1-40 1-40 0-84" 
Weight of the | 
heart in g. 60 81 58 60 58 45 


* Arterial blood-pressure—130 mm. Hg. 


From a comparison of these results it is hardly possible to make more 
than a general conclusion that on increasing the arterial blood-pressure 
the histamine production also increases, and that the extent of this 
increase is different in different experiments. On a rough estimation the 
production of histamine by the heart at an arterial blood-pressure of 
150 mm. is 9 to 15 times greater than it is at a blood-pressure of 50 mm. 
In this respect there is no difference between strongly beating hearts 
and hearts which have been weakened by the experimental procedure. 
For example, in Exp. 2 we deal with a strong heart producing, as in 
Exp. 3 (Table I), a comparatively large amount of histamine even at 
a low arterial blood-pressure. A rise of the blood-pressure from 50 to 
150 mm. was accompanied by an approximately ninefold increase in 
histamine production. In Exp. 14 the heart was weak and the histamine 
production was exceptionally small, but it increased about 17 times when 
the blood-pressure was raised from 50 to 130 mm. The heart could not : 
maintain a blood-pressure higher than that. We should like to emphasize . 
that the stimulating effect of high arterial blood-pressure on the histamine | 
production by the heart was observed in every experiment without 
exception, it varied only in degree. | 
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It has been mentioned before that we failed to detect any change in 
the histamine production on varying the systemic output of the heart. 
This statement must be qualified. In the heart-lung preparation the 
arterial cannula is usually placed in the brachio-cephalic artery, while 
the blood-pressure is measured beyond the cannula. As a rule, the 
cannula is considerably narrower than the aorta of the animal, and 
therefore at very large cardiac outputs the resistance to the flow of 
blood through the cannula results in the pressure in the aorta being 
higher than that beyond the cannula, and the mean arterial blood- 
pressure is measured inaccurately. Under these conditions the histamine 
production may be found increased. This is not, however, due to the 
augmentation of the output, but to the change in the mean arterial 
blood-pressure produced by it. On using a brachio-cephalic cannula 
with a large bore or on placing a big cannula directly into the aorta, 
the cardiac output can be increased very considerably without affecting 
the histamine production so long as the mean arterial blood-pressure 
remains constant. 

Effect of adrenaline. Before attempting to study the effect of ad- 
ministration of adrenaline on the production of histamine it was necessary 
to show that the presence of adrenaline in the blood has no effect on the 
accuracy of the determination of the histamine equivalent. We were 
able to satisfy ourselves on this account in preliminary experiments in 
which adrenaline was added to the blood in amounts up to 100y per c.c. 

The action of adrenaline was tested in twenty-seven experiments, and 
it was found without exception that relatively small doses of adrenaline 
had a very conspicuous stimulating effect on the production of histamine 
by the heart muscle. The increase in the histamine production was not 
of the same order in every experiment, but it was invariably much greater 
than that observed on raising the arterial blood-pressure. The general 
impression is that the effect is more pronounced in strongly beating 
hearts which produce comparatively large amounts of histamine. The 
increase in the histamine production runs approximately parallel with 
the increase in the coronary blood flow following the adrenaline ad- 
ministration. 

The stimulating effect of arterial blood-pressure on the production 
of histamine by the adrenalinized heart is greatly accentuated as com- 
pared with its effect on the normal heart; but as in normal conditions 
the extent of the increase in the histamine production differs from one 
heart to another. Exp. 2 is given in detail, it serves as an example of 
a strongly beating heart. It can be compared with Exp. 10 (Table IV) 
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in which the histamine production was low and 


adrenaline was small. 


G. J. ANREP, d. S. BARSOUM AND M. TALAAT 


the stimulating effect of 


‘Taste III. Exp. 2. Heart 81 g., output maintained constant at 500c.c. per minute. 


Mean blood- sinus Histamine Arterio- venous Histamine 
Description pressure in blood flow in equivalent histamine production 
of sample mm. Hg e. c. per min. in y per o. o. in y per min. 
Arterial 50 — 0-02 — 
Venous 21-0 0-05 0-08 
Arterial 150 — 0-02 0-10 — 
Venous — 54-0 0-12 5˙4 
Arterial 100 — 0-02 | eos 
Venous mes 32˙5 0.08 0-06 3:2 
0.1 mg. of adrenaline injected, about 600 o. o. of blood in circulation. 
The first blood sample is collected 5 min. later. : 
Arterial 100 — 0-03 | 0-23 — 
Venous — 63-0 0-26 14:5 
Arterial 50 — 0-03 0-07 — 
Venous — 33-0 0-10 2-3 
Arterial 150 — 0-04 0-28 — 
Venous — 145-0 0-32 40-6 
Interval of 45 min; 
Arterial 100 — 0-05 
Venous — 32-0 013 2-6 


The above experiment speaks for itself. For any one of the three 
pressures at which the estimations were made the histamine production 
was found to be much greater after the administration of adrenaline. 
Other experiments give similar results varying only in magnitude 
(Table IV). 


Tasie IV. Effect of raising the arterial blood-pressure on the production of histamine 
after administration of adrenaline. The production of histamine is given in y per minute. 


Exp. 5 Exp. 6 | Exp. 9 Exp. 10 Exp. 11 
50 1-4 1-5 1:3 0-99 0-9 
100 9-3 5-1 6-2 310 1-94 2-7 
150 19-8 14-6 17-4 16-50. 3-17 8-2 
Weight of 
heart in g 60 58 60 58 73 — 


The results obtained in Exps. 1, 5, 6 and 9 in Table IV and in Exp. 2 
in Table III after administration of adrenaline should be compared with 
the effects which the changes of the arterial blood-pressure had in the 
same experiments before administration of adrenaline (Table II). 

It follows from these experiments that the lower the arterial blood- 
pressure against which the heart is beating, the more difficult it is to 
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demonstrate the increase in the histamine production due to adrenaline. 
It would be, therefore, expected that in an isolated perfused heart this 
would present an especial difficulty. This is actually the case. Neverthe- 
less, in a few experiments which were made on isolated rabbit’s and cat’s 
hearts perfused with oxygenated Ringer solution we did find a definite 
appearance of histamine in the perfusion fluid after administration of 
adrenaline. Before adrenaline the fluid contained indeterminable amounts 
of histamine. Its presence, however, became quite definite after injection 
of adrenaline. The experiments were much more conclusive in the rabbit’s 
heart; in isolated cat’s hearts the results were doubtful. 

In all the above experiments upon the effect of the arterial blood- 
pressure and of adrenaline on the histamine production there was a 
certain parallelism between the coronary blood flow and the excess 
histamine appearing in the venous blood. The question may, therefore, 
be legitimately asked whether the appearance of an increased amount 
of histamine in the coronary blood may be simply due to a washing out 
of histamine from the heart by the increased blood flow and not to a real 


Taste V. Exp. 12. Heart 93 g. The left circumflex and descending arteries as well as the 
right coronary artery are supplied with cannule which can be connected either to the 
arterial side of the heart-lung preparation and so supplied with blood in the normal 
way, or, for perfusion purposes, to a reservoir containing blood and placed at any 
desired height above the preparation. The length of each perfusion period was about 
5 min. The blood used for the perfusion was taken from the same heart-lung pre- 
paration immediately before each perfusion period. 

Descrip- Meanaortic Coronary Arterio-venous 

tion o blood - blood - Coronary Histamine histamine 
blood pressure pressure blood equivalent difference production 

sample in mm. Hg in mm. Hg flow in y per o.. in y per c. o. in y per min. 


Histamine 


Arterial — — — 0025 
Venous 100 100 36-0 0-075 0-050 1-80 
Venous 100 50 22-0 0-110 0-085 12 A 
Venous 100 150 62-0 0-055 0-030 1-86 
Arterial — — — 0-025 — — 
Venous 100 100 32-0 0-080 0-055 1-76 
Venous 50 100 32-0 0-040 0-015 924 B 
Venous 150 105 29-0 0-140 0-115 3°34 
0-1 mg. of adrenaline injected 

Venous 100 80 37°5 0-140 0-115 4:31 
Venous 150 85 39-0 0-250 0-225 8-78 
Venous 50 80 38-0 0-060 1-33 

— — — 0-025 — — 

Interval of 20 min. 

Venous 100 50 19-4 © 0-150 0-120 2-33 
Venous 100 150 81-0 0-055 0-025 2-03 
Venous 100 100 40-0 0-080 0-050 2-00 
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increase of its production or release by the heart. Special experiments 
were made in order to investigate this possibility. The method of triple 
perfusion introduced by Anrep, Blalock and Hammouda [1929] was 
employed. The coronary blood vessels were supplied with cannule 
through which the heart could be perfused from an independent source. 
In this manner the blood flow through the coronary system could be 
changed by raising or lowering the coronary perfusion pressure, while 
the aortic pressure was kept constant. Similarly the aortic pressure 
could be changed, while the coronary blood flow was maintained as 
constant as possible by adjusting the perfusion pressure. Two experiments 
of this kind were performed with concordant results. One of these 
experiments is reproduced in detail in Table V. 

In parts A and D of the above experiment the heart was made to 
work against a constant mean arterial pressure, while the pressure perfusing 
the coronary blood vessels was changed. The coronary blood flow naturally 
followed the changes in the latter. The histamine equivalent of the 
venous blood collected at the three different perfusion pressures stood 
in an inverse relation to the coronary blood flow so that the histamine © 
production per minute remained constant. In parts B and C of the same 
experiment the coronary blood flow was kept constant within narrow 
limits by adjusting the perfusion pressure, while the arterial blood- 
pressure of the preparation was changed. The histamine equivalent of 
the coronary blood was found to increase with the aortic blood-pressure 
in spite of the fact that the blood flow through the coronary blood vessels 
remained almost constant. The histamine production therefore followed 
the changes of the arterial blood-pressure and not of the coronary blood 
flow. Injection of adrenaline between parts B and C led to an increase in the 
coronary blood flow so that in order to keep it constant the perfusion 
pressure had to be somewhat reduced. The production of histamine 
greatly increased after administration of adrenaline, and the stimulating 
effect of the high arterial blood-pressure became more conspicuous. 

It can be seen that experiments in which the blood supply to the 
coronary blood vessels proceeds in the normal way, and experiments in 
which the blood flow is controlled present no fundamental difference. 
The observed increase in the histamine production cannot, therefore, be 
attributed to an increase in the coronary circulation. An augmentation 
of the blood flow through the coronary system affects only the histamine 
equivalent of the venous coronary blood, but not the production of 
histamine per minute. The conclusion must be made that the effect of 
the arterial blood-pressure is not due to a washing out of the histamine 
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be accompanied by some increase in the histamine production. 
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by @ more vigorous blood stream through the cardiac muscle, but to 
a real production or liberation of the substance. 

This conclusion finds support in experiments in which vaso-dilator 
or vaso-constrictor substances were administered to the heart-lung 
preparation. Amyl nitrite and pituitary extract were used. In Exp. 9 


blood flow was 34-5 C. 0. per minute and the histamine production was 
1-38y per minute. After addition of a trace of amyl nitrite to the 
respiratory air the coronary blood flow increased to 180 c. c. per minute. 
The histamine equivalent of the venous blood diminished in the same 
proportion and the histamine production remained almost unchanged 
at 1-25y per minute. In Exp. 2 administration of amyl nitrite increased 
the coronary blood flow from 33 to 120¢.c. per minute, the histamine 
production per minute at 100 mm. Hg being 3-2y before and 2·8 after 
amyl nitrite. Administration of pituitary extract was made in Exp. 7 
towards the end of the experiment when the coronary blood flow had 
spontaneously increased to 105 c.c. per minute. The histamine production 
was 3:4y per minute. Injection of pituitary extract (Parke, Davis and Co.) 
diminished the outflow of blood from the coronary sinus to 57 c. C. per 
minute, but did not change the histamine production which was estimated 
at 3-5y per minute. If the results obtained on skeletal muscles [Anrep 
and Barsoum, 1935a] are taken into consideration it would be expected 
that a very considerable diminution of the coronary circulation would 


That the increase in the histamine production in response to a rise 
of the arterial blood-pressure, or after administration of adrenaline, 
cannot be due to an increase of the coronary circulation is made especially 
clear in preparations in which adrenaline fails to increase the coronary 
blood flow, as frequently happens towards the end of an experiment 
when the coronary blood flow is already large. For example, in Exp. 30, 
3 hours after establishment of the heart-lung preparation the coronary 
blood flow was 96c.c. per minute, having increased from 35 C. o. per 
minute at the beginning of the experiment. Administration of 0-1 mg. 
of adrenaline scarcely increased the outflow from the coronary sinus 
which became 102 C. 0. per minute. The blood vessels were obviously 
considerably dilated before the injection of adrenaline. In spite of the 
negligible increase in the blood flow the histamine production rose from 
2-2y per minute to 35-7y per minute. It has been mentioned that in the 
normal non-adrenalinized heart, changes in the systemic output have 
no effect on the histamine production. The adrenalinized heart behaves 
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in this respect in the same way. In Exp. 19 (heart 78 g.) the histamine 
production at a blood-pressure of 90 mm. Hg, and a systemic output 
of 400 0.0. per minute, was 0-33y per minute. When the output was 
increased to 1300 C. c. the histamine production was determined as 0-357 
per minute. After administration of adrenaline the histamine production 
was 20y per minute with a systemic — of 400 c.c. and 19-8y with 
an output of 1300 c.c. per minute. 
Effect of carbonic acid and of oxygen 8 It is well known that 
anoxwmia as well as the administration of carbon dioxide lead in the 
heart-lung preparation to a considerable augmentation of the coronary 
blood flow [Hilton and Eichholtz, 1924-5]. The histamine production 
by the heart is found under these conditions to be increased. This 
increase is especially conspicuous in severe anoxemia, as shown by the 
following two experiments. 
VI 
Exp. 23. Heart 64 g. The output is maintained at 450 c.c. per minute and the blood - 
pressure at 100 mm. Hg. 


Descrip- sinus blood Histamine Histamine Arterial 

tion of flow in o. 0. equivalent production CO, content 

sample per min. in y per o. 0. in y per c. 0. per 100 c. c. Remarks 
Arterial — 0-020 | 21-0 
Venous 26 0-025 0-13 — 


Arterial — -0-020 — 23-0 29 min, later 

Venous 31 0-025 0-16 

Arterial 0-012 54-5 After 9 min. of administra - 

Venous 54 0-100 4-75 — tion of a gas mixture con- 
taining 10 p. o. CO, and 
30 p. o. O, 

Arterial — 0-020 — 21-0 Collected 10 min. after re- 

Venous 39-5 0-025 0-20 — moval of CO, 


Exp. 24. Heart 93 g. The output is maintained at 550 c.c. per minute and the arterial 
blood-pressure at 90 mm. Hg. 


Coronary 
Descrip- sinus blood Histamine Histamine satura’ 
tion of flow in o.. equivalent production of arterial 
sample per min. in y per o. o. in y per e. o. blood p. o. Remarks 


Arterial — 0-019 — 98-0 

Venous 42 0-027 0-34 — 

Arterial — 0-060 — 40-8 Collected after 14 min. of 
Venous 90 0-290 20-70 — administration of nitrogen 
Arterial — 0-050 — 94-5 Collected after 5 min. of 
Venous 39 0-070 0-78 — administration of oxygen 
Arterial — 0-065 — 36-5 Collected after 15 min. of 
Venous 102 0-320 26-0 — administration of nitrogen 
Arterial — 0-032 — 98-5 Collected after 15 min. of 
Venous 60 0-037 0 30 — administration of oxygen 
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The arterial histamine equivalent remained constant in the first 
experiment. In the second it increased during the period of administra- 
tion of nitrogen. It is impossible to say at present whether this increase 
is due to the very large production of histamine by the heart or to a 
diminished destruction of it by the lungs. That the latter possibility 
must be considered follows from the observations of Best and McHenry 
[1930] who showed that the action of histaminase is depressed by 
oxygen lack. It must also be remembered that in other experiments in 
which the histamine production was as greatly increased as a result of 
administration of adrenaline, the arterial histamine equivalent changed 
very little or not at all. It is, therefore, likely that the increase in the 
arterial histamine observed in anoxemia is at least in part due to a 
diminished destruction of it. | 

Discussion 

The experiments described in the present communication show that 

the cardiac muscle continuously produces measurable amounts of a 


histamine- like substance and that the production of this substance 


varies under different conditions of cardiac activity. The experiments 
throw no light either upon the origin of this substance or upon the 
intimate mechanism of its release or production during muscular con- 
traction. It is also as yet hardly permissible to draw any definite con- 
clusions as regards the effect which the changes i in the production of the 
histamine-like substance, or the changes in the histamine equivalent of 
the coronary blood, may play in the regulation of the coronary circulation. 
Several aspects of the problem appear to be of obvious importance, 
and the evidence in favour of the histamine-like substance actually 
being histamine has to be considered. The main points bearing on this 
question have already been dealt with by Barsoum and Gaddum 
[1935]. These authors have shown that the substance determined by 
their method behaves in the presence of various chemical reagents and 
acts upon various biological test objects in the same manner as histamine. 
What appears to us to be even stronger evidence in favour of the 
substance being histamine is the remarkable quantitative agreement of 
assays against histamine of the same sample of blood performed on three 
different test preparations—the atropinized cat, the guinea-pig’s ileum 


and the fowl’s rectal cecum, a result which would not be expected even 


if we were dealing with a substance closely related to histamine. Such 
an agreement was found also in our experiments, in some of which the 
concentrated hydrolysates of blood were tested on these three test 
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preparations. It was also found that after administration of a large dose 
of histamine the rectal cheum of the fowl became refractory to histamine 
as well as to the blood extracts. We can strengthen the existing cir- 
cumstantial evidence favouring the view of the identity of the active 
substance liberated by the heart with histamine by the observation 
that preparations of histaminase rapidly inactivate the histamine-like 
substance of the coronary venous blood. A concentrated solution of 
histaminase was prepared by a method similar to that used by Warburg 
and Christian [1931] for preparing the enzyme of the system which 
oxidizes hexose monophosphate and later by Meldrum and Roughton 
[1933] for carbonic anhydrase. The enzyme so prepared is stable and its 
aqueous solutions are extremely active. The dog’s kidney was used for 
the preparation of the enzyme. Addition of small amounts of the enzyme 
solution to the coronary blood collected from an adrenalinized heart or 
to the final concentration of the blood extract prepared by the method 
of Barsoum and Gaddum completely removes their histamine-like 
action. On several occasions blood samples which had a histamine 
equivalent of 0-2-0-4y per c. c. were completely inactivated after 15 min. 
incubation with the enzyme at 37°C. Rabbit’s blood containing about 
20y per c. c. was found to be completely inactivated when tested after 
50 min. incubation with the histaminase preparation; control samples 
showed no measurable change. The specificity of histaminase is an 
important piece of evidence in favour of the substance being histamine 
itself and not some other closely related amine [Best and McHenry, 
1930]. 

The second question to be considered is whether the histamine 
equivalent of blood, as determined by the method employed, represents 
the free, and therefore physiologically active, histamine in the circulation 
or some inactive, but histamine-yielding, substance which liberates 


histamine as the result of the chemical treatment to which the blood 


samples are subjected. That is to say, whether the histamine produced 
by the contracting muscle can continue to exercise a physiological action 
on some other organs after its effect at the site of its production is over. 
The final answer to this question cannot be given at present. So far, 
we know of two ways by which the histamine in the blood may be 
inactivated—by the histaminase-like action of the tissues, and by the 
penetration of histamine into the blood corpuscles. The first has been 
studied by Best and McHenry [1930], and ample evidence of the 
important role which the lungs play in this respect in the heart-lung 
preparation is provided by our experiments. The penetration of histamine 
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into the blood corpuscles is another mechanism of inactivation. Although 


_ slower than the histaminase action of tissues it must also play a role in 
rendering the histamine produced by the contracting muscle physio- 


logically inactive. In most species the histamine concentration in the 
blood corpuscles is higher than that in the plasma. In the dog the 
difference is much less, and frequently the histamine is equally dis- 
tributed between corpuscles and plasma [Anrep and Barsoum, 19356]. 
However this distribution may differ, on penetration into the red blood 
cells the histamine loses its physiological activity so long as the cells 
remain intact. This was demonstrated in the following way. A large 
amount of histamine, about 30y per c.c., was added to defibrinated 
blood. About 30 min. later the blood was centrifuged and the plasma 
removed. The blood corpuscles were washed twice in histamine-free 
plasma and suspended in a third lot of the same plasma. The normal 
and the histamine-containing plasma and corpuscles were then tested on 
an anesthetized dog by intravenous injection of 3-5 C. c. of each. Only 


the histamine-rich plasma caused a drop of the blood-pressure. The 


blood corpuscles containing histamine had no effect at all. That the 
histamine within the blood corpuscles had not been inactivated by a 
process of destruction is shown by the fact that, on laking, they caused 
as conspicuous a drop of blood-pressure as injection of the histamine-rich 
plasma. Injection of the laked corpuscles of normal blood had no 
such effect. 

The above considerations show the difficulties which one has to face 
if it is desired to determine the minimal effective dose of histamine on 
the coronary blood vessels when injected into the systemic circulation 
of a heart-lung preparation. Although the histamine equivalent of whole 
blood may serve as an accurate measure of the amount of histamine 
produced by the heart it cannot indicate the effective concentration of 
the histamine at the site of its production. It would appear reasonable 
that the histamine produced or released by the contracting muscle cells 
diffuses through the wall of capillaries, first into the plasma and then 
into the blood corpuscles where it loses its physiological activity. The 
concentration gradient of histamine across the capillary wall and the 
rate of diffusion of histamine through it is not known. The concentration 
of histamine on the tissue side of the capillaries must be considerably 
higher than in the blood, especially since the histamine entering it from 
the capillaries becomes diluted in proportion to the existing blood flow. 
We have tried to determine the dose of histamine which would double 
the coronary blood flow in the heart-lung preparation. Such observations 
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have naturally to be made in the early stages of an experiment before 
the coronary blood flow has had time to increase spontaneously. 
A hypodermic needle was inserted through the wall of the left ventricle, 
and a solution of histamine was allowed to run into it from a burette. 
The output of the heart being known, it was possible to adjust the rate 
of injection of histamine to that which would maintain a desired 
constant concentration of it in the blood, Injections at the rate of 0-ly 
per c.c. of blood were found to produce a considerable augmentation of 
the coronary blood flow which increased within 1 min. by 80 to 150 p.c. 
The injections were continued for short intervals of time so as to preclude 
an increase in the histamine equivalent of the arterial blood returning 
to the left ventricle from the lungs. Augmentations of this order in the 
histamine equivalent of the venous coronary blood have been observed 
in many experiments, especially after administration of adrenaline. 

Entirely disregarding any other considerations, the rise in the effective 
concentration of histamine must be considerably greater than can be 
- deduced from the histamine equivalent of the blood, since the whole 
excess of histamine released by the heart would be at first distributed in 
the plasma, only gradually penetrating into the red blood cells. Since, 
however, the object of the present experiments was to study the pro- 
duction or release of histamine by the heart it was sufficient for our 
purpose to determine the histamine equivalent of the whole blood 
entering and leaving the cardiac muscle. How inaccurate it would be 
to calculate the effective concentration of histamine from determinations 
of the histamine equivalent in the whole blood is shown by the following 
experiment. 

In Exp. 32 (heart 87g.) the arterial blood corpuscles contained 
0-055 per c.c. and the arterial plasma 0-05y per c. c. The coronary venous 
blood had 0· 1) per c.c. in the plasma and 0-06y per c.c. in the corpuscles. 
The histamine production was 2-ly per minute. After injection of 
adrenaline the plasma histamine in the coronary blood rose to 0-7y 
per c. C. and that of the corpuscles to 0-15y per c.c. The histamine 
production increased to 37-5y per minute. The plasma was separated in 
this experiment as rapidly as possible after collection of the blood; 
nevertheless, a small amount of histamine had time to penetrate into 
the blood corpuscles. On standing for about 10 min. the histamine 
became approximately equally distributed between corpuscles and 
plasma. The plasma was thus found to be.approximately 7 times richer 
in histamine after administration of adrenaline. If one considers the 
histamine which has penetrated into the blood corpuscles during the 
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time of the collection of the sample, the plasma concentration within 
the coronary capillaries must have been about 8 times greater than before 
injection of adrenaline and about 16 times greater than the plasma of 
the arterial blood. The concentration of histamine on the tissue side of 


the capillary wall must have been still higher, although how much 


higher it is impossible to say at present. 

In the above experiments the histamine production was increased 
as a result of administration of adrenaline, but similar considerations 
apply also to experiments in which the histamine production is increased 
by raising the arterial blood-pressure. The fact that in every instance of 
increased production of histamine there is also an increase of its concen- 
tration in the venous coronary blood suggests the possibility that the 
augmentation of the coronary blood flow observed on raising the arterial 
blood-pressure may not only be due to purely mechanical factors of the 
circulation but also in part to an active diminution of the capillary 
tone caused by the increase in the concentration of histamine. Such 
reasoning must, of course, be applied with the greatest reserve, since the 
increase of the histamine equivalent in the blood observed on raising the 
arterial blood-pressure is not great. It assumes, however, a considerably 
greater importance when applied to the action of adrenaline. 

All this opens an old story in which one of us had occasion to express 
his view, on the material available at that time, with rather more 
confidence than seems at present justified. Does adrenaline act as a 
coronary vaso-dilator by a direct action on the sympathetic nerve 
endings or does it act indirectly through liberation of what used to be 
called by the indefinite term of metabolites and what, on the basis of 
the present research, we could justifiably consider as histamine? The 
evidence for and against the metabolic action of adrenaline has been 
discussed elsewhere [Anrep, 1926, 1936]. There are two observations 
which Jed us previously to accept a direct vaso-dilator action of adrenaline 
on the coronary blood vessels: the facts that in most animals adrenaline 
conspicuously dilates isolated coronary arteries [Cruickshank and 
Subba Rau, 1927], and that adrenaline increases the perfusion through 
the coronary blood vessels of the isolated arrested heart of the rabbit 
and of the cat [Hammouda and Kinosita, 1926; Pas qual and 
Réssler, 1932]. Histamine contracts isolated arteries and diminishes 
the coronary perfusion in the rabbit although it conspicuously increases 
it in the cat. These observations make us believe that even at present 
there is no necessity to discard the theory of the existence of true 
sympathetic vaso-dilator fibres which exert their action at least on the 
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large branches of the coronary arterial system. Now, however, although 
we have opposed the point of view of the indirect, that is to say, the 
metabolic vaso-dilator action of adrenaline on account of lack of evidence, 
we are in the position to supply definite facts which make the theory of 
the metabolic action of adrenaline acceptable as an important and 
possibly even as a chief factor in its coronary effect. Production of such 
large amounts of histamine as 30-40) per minute accompanied by a 
considerable increase in its concentration in the venous plasma are likely 
to have a powerful local effect, especially since the concentration in the 
tissues must be still higher. 


increase in the release of the histamine-like substance by the heart under 
the influence of adrenaline is effected through the intermediation of the 
sympathetic nerve supply or is a direct result of the increase in the 
strength of the cardiac beat. We have not as yet investigated the action 
of drugs which increase the strength of the heart beat by direct action 
on the cardiac muscle fibres. In view of the results obtained in our 
previous experiments on the skeletal muscle and in view of the fact 
that strengthening of the heart beat, caused by a simple rise in the 
arterial blood-pressure, leads to a release or production of histamine, the 
second explanation seems to be at present the more likely one. Since 
an excess of carbon dioxide and especially a deficiency in oxygen also 
cause a conspicuous increase in the production of histamine the sup- 
position is justifiable that the increased liberation of histamine may be 
indirectly due to a relative anoxemia or a change in the acid base 
equilibrium within the contracting muscle cell. 


SuMMARY 


1. Comparative estimations of the histamine equivalent of the 
arterial hlood and of the coronary venous blood show that the cardiac 
muscle continuously produces measurable quantities of a histamine-like 
substance. Additional evidence is provided in support of this substance 
being histamine and not some other similar substance. 

2. The production of histamine is increased when the heart is made 
to work against a high arterial resistance. It is diminished when the 
heart fails. Changes in the heart rate and in the systemic 9 have 
no detectable effect on the production of histamine. 

3. Administration of adrenaline greatly i increases the 1 of 
histamine by the heart. An increase in the production of histamine is 
also observed during anoxemia and on administration of carbon dioxide. 


It would be premature to speculate as 40 whether the conspicuous 
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4, The significance of these experiments and the bearing which they 
have upon the problem of the regulation of the coronary blood flow is 
discussed. 


We should like to thank Dr M. Allem and Dr 8. — ee 
gave us during some of the experiments. 
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| Depressant 3 effect of prostigmin and its temporary 


antagonism by curarine. By Grace Briscoz. 
In the course of a study of the antagonism of prostigmin to curarine, 


: . control experiments on the action of prostigmin alone revealed a charac- 
teristio depressant effect when the circulated nerve-muscle preparation 


was tested by different rates and strengths of stimulation. Technique 
used has been described [Briscoe, 1934]. 

Under dial anesthesia, or in decerebrate preparations without dial, 
a fast rate of stimulation (150-160 per sec.) produces a larger contraction 


than a slow rate (25-35 per sec.). Curarine, in moderate doses, has a 


depressant effect on responses to all rates, and affects postural con- 
tractions (due to slow rates) markedly and rapidly. Fast rate responses 


2 remain always larger than slow rate responses. Prostigmin (in un- 
pPooisoned muscle) has a different effect. In a few minutes after intra- 


muscular injection the fast rate response becomes progressively smaller 


and more quickly depressed. In 10-30 min. the fast rate response is 
_twitchlike in character and considerably smaller than the response to 


a slow rate. The latter can maintain a postural contraction although its 
initial curve of contraction is altered. 

If curarine be now given intravenously, 0-3 mg. per kg., a dose 
normally sufficient to produce twitchlike responses to all rates, the onset 
of this characteristic effect is delayed for a few minutes and meanwhile 
an antagonism to the prostigmin depression is seen. Within a minute the 
fast rate response is altered in that it becomes larger and less twitchlike, 
in 2 or 3 min. it is larger than the slow rate response, as the latter is 
now depressed by the curarine action. In 5-10 min. thé typical curarine 
effect is seen, fast rates producing larger twitches than slow rates. 
Recovery from this condition takes place more quickly than in the 
absence of prostigmin. After recovery another dose of curarine wil 
quickly — twitehlike responses without reversal of size. 
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Fig. 1. Cat. Quadriceps. Extension of knee downwards. Time written above tracings. | 
Frequency changes inscribed below, shown in second record, Stimuli all supra- 


maximal; rates alternated fast-slow-fast. = 
12.12 p.m. Control. 
12.13 p.m. 1 e. o. prostigmin intramuscularly. & 
12.21 p.m. and 12.24 p.m. Slow rates more effective than fast rates. 8 
12.33 p. m. Curarine 0-3 mg. per kg. intravenously. = 
12.34 p.m. Response to fast rate improved. 8 
12.36 p.m. and 12.38 p.m. Fast rate responses larger than slow rate responses. ae 
12.42 p.m. Height of depression. Three minutes later improvement noted. 3 
12.53 p.m. Partial recovery. a 
1.56 p.m. Curves normal. 0 5 
1.57 p. m. Curarine 0-3 mg. per kg. | rs 
1,58 p.m. This record should be compared with that taken at 12.21 p.m. 8 


2.0 p.m. Height of depression. 
2.12 p.m. Recovery starts. 
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SOCIETY, NOVEMBER 16, 1935. 8P 
The changes can be shown rapidly and clearly by using an alternation 


of rates, fast-slow-fast, in supramaximal strength, each rate acting for 


approximately 1 sec. (Fig. 1). These results are controlled by testing 
each rate separately in resting nerve muscle. The dose of prostigmin is 
1 c.c. for a 3 kg. cat, preceded by 0-5 c.c. of 0-5 p. o. solution of atropine. 


REFERENCE. 
Briscoe, G. (1934). J. Physiol. 82, 88. 


The estimation of parathyroid extract and the preparation of 
a standard. By F. J. Dyer (College of the Pharmaceutical Society). 


The quickest way to estimate parathyroid extract is to use it to. 
antagonize the narcotic effect of magnesium sulphate in mice. Simon 
[1935] first demonstrated this action and proposed its use for standardiza- 
tion purposes, but he did not describe an accurate method. I have found 
the following procedure to be satisfactory. Groups of about twenty or 
thirty mice are injected subcutaneously three times at 2-hourly intervals 
with the same dose of parathyroid extract. One and a half hours after 
the last injection they are injected with magnesium sulphate (1-75 mg. 


MgSO,, 7H,O per g. body weight of mouse). The proportion of mice 


narcotized (unable to turn over when placed on their backs) is then 
observed. The parathyroid extract raises the serum calcium and 


Mg antagonizes the magnesium narcosis. The results of several experiments, 


using a particular —— of parathyroid extract, are given in the 
following table. 


20g. mouse No. of mioe No. of mice Percentage 


A dry stable standard powder, soluble in water, with which unknown 
extracts may be compared, is prepared as follows: 

Ox parathyroid glands, freshly collected, are minced while frozen 
and intimately mixed with picric acid. The mass is covered with pure 
acetone, left in the refrigerator for 24 hours, filtered on a Biichner, the 
pressed mass stirred with a fresh lot of acetone (70 p.c.) and left at 0°C. 
for 24 hours with frequent shaking. The filtration, pressing and treatment 
with fresh acetone (70 p.c.) is repeated. Finally from the mixed filtrates 
the solvent is recovered in vacuo and the residue dissolved in acid alcohol. 
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The reaction is brought to pH 4-6-5-0, the alcohol recovered in vacuo, 
and the residue air dried, dissolved in hot phenol and reprecipitated from 
the cooled solution by addition of ether. This precipitate, washed free 
from picrate by ether and air dried, is the required standard powder. 
Four samples of this powder have been prepared and tested. The 
order of activity is 1 Collip unit in 12-5 mg. A powder of this kind could 
be adopted as a general 2 and the unit defined i in terms of a aren 


weight of it. oa 


Simon, A. (1935). Arch. exp. Path. Pharmak. 178, 57. 


| The strength-frequency relation for constant A.C. electrotonus 
in frog’s nerve. By D. T. Harris, H. Rosenserc.and O. Sacrr 


(Physiology Department, London Hospital Medical College). 


Labes and Lullies [1932] have given a detailed theoretical analysis 
of the core-conductor properties of nerve, based upon resistance and 
capacity measurements with alternating currents. The direct link 
between these characteristics and the laws of excitation has still to be 


proved experimentally. Assuming that the potential developed in the 


nerve in the region of the cathode of a polarizing current is the initiating 
factor in stimulation, and that excitation occurs when the cathode 
potential attains a certain value [see Hill, 1935], we previously deter- 
mined the strength-duration curve by condenser discharges for constant 
electrotonic “response” at the negative pole, and found that the 
theoretical curve was obeyed with physical exactitude. The time con- 
stant, however, of the electrotonic process was only half that of the 
excitatory process [Harris and Rosenberg, 1935]. Further observa- 
tions have shown that this time constant is considerably greater if the 
electrotonic potential is led off a small distance from the polarizing pole; 
e.g. at 2 mm. from the pole the constant is already greater than that in 
excitation. 

We have now investigated the strength-frequency 1 for a 
constant catelectrotonic deflection due to alternating current of 25 
12,000 cycles/sec. The subthreshold electrotonic potentials were amplified 
about 12,000 times by means of a D.c. amplifier which was almost linear 
up to 3200 cycles/sec.; the majority of the observations, therefore, were 
confined to this range. The peak voltage of the catelectrotonic potential 


was measured with a cathode-ray oscillograph. The peak voltage applied 
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to the nerve, and also the peak voltage across a comparatively small 
fixed series resistance, were measured in the same way, and from the 


latter the peak current passing through the nerve was calculated. 


Above a certain frequency, which lies between 400 and 800 cycles / sec., 
the strength · frequency relation is fairly, but usually not perfectly, linear. 
In most of the experiments the curve appears linear for a medium 
frequency band and deviates only slightly at higher frequencies; in 
some cases this part of the curve exhibits a continuous open concavity 
downwards—in contrast with Hill's excitation curves, which are straight 
over this frequency range. When approaching lower frequencies the curve 
at first usually falls less steeply and then more rapidly, generally passing 
through a minimum at about 50 cycles/sec. after which it rises again. 
This similarity between electrotonus and excitation is unexpected, since 
the catelectrotonus elicited by a constant current pulse shows no 
noticeable decrease within the time limits concerned, i. e. it does not show 
the accommodative decay which in Hill’s conception is the cause of the 
optimum frequency in excitation. If this observation can be confirmed 
(by testing with exact slow sine waves) it may furnish a physico-chemical 
basis for accommodation. | 

Maintenance of the steady electrotonus by constant current is due 
merely to the resistance across the membrane, not to the capacity, 
whereas the rate of development of electrotonus is conditioned by the 
capacity of the tissue [Hermann, 1905]. Now calculating the constant 
* which—in physical terms might define the rate of charge of a capacity, 
from Hill's formula J =J,./(1+42kn?) (without the accommodation 
term) we find that & decreases remarkably with increase of frequency, 
from about 600 use. at 100 cycles/sec. to about 150-200usec. at 
3000 cycles/sec., and approaches 130psec. at 12,000 cycles / sec.; i. e. the 
apparent capacity is considerably higher at lower frequencies in 
agreement with Lullies’ [1930] statement. Thus, as in the case of 
condenser discharges, the constant & for electrotonus is scarcely half 
that for excitation. These figures concern the catelectrotonic A. C. 
potential directly at the pole. At a distance of about 2 mm., * approxi- 
mates values of 600psec. at 3000 cycles/sec. This result, therefore, also 
applies to both condenser discharges and alternating currents, and 
corresponds to the fact that the rate of rise at make of P. C. electrotonus 
decreases with the distance from the pole [Bogue and Rosenberg, 
1934]. We observed that in these three forms of electrical stimulus the 
electrotonus increased in proportion to the potential applied to the 
nerve; consequently k is not affected by the absolute height of the 
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(subthreshold) electrotonic potential. Considering these arguments it is 
suggested that a finite length of nerve has to be altered in stimulation in 
order to evoke the impulse. | : . 
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Electrotonus in the fin nerve of Sepia. By J. Lulu Bodun, 
H. RosEN BRRG and J. Z. Vouxd. 


Electrotonus of non-medullated nerves has been investigated by 
Biedermann [1895] with a galvanometer in Anodonta and by Garten 
[1903] with a capillary electrometer in the pike’s olfactorius. In view 
of the importance of electrotonus in the excitation process [Bogue and 
Rosenberg, 1934; Hill, 1935; Schmitz and Schaefer, 1934], we 
continued these investigations on the main trunk of the fin nerve of 
Sepia which was shown by Young [1934] to be non-medullated. We 


used a comparatively rapid recording instrument, the Matthews’ 


oscillograph and a direct coupled amplifier, but noticed that the inertia 
of this oscillograph was insufficiently low to enable us to follow the 
rapid rise of the electrotonus at the pole itself. We have abstained 
therefore from an analysis of these curves at zero distance, and confined 


ourselves to a description of the records which were taken at distances 


of 2-5-8-0 mm. between the distal leading to and the proximal leading 
off electrodes. The distal leading off electrode was placed on an uninjured 
point at the central end of the nerve at a distance of about 30 mm., so 
that this point was essentially unaffected by the electrotonic potentials. 

At a short distance the electrotonus shows a comparatively smal 
quick component at make of the polarizing current and rises then 
slowly to a certain level. The duration of this rise is of the order of 
0-05 sec. at 2-5 mm. distance. After break there is a similar rapid drop 
which is also followed by a gradual decline of a similar total duration 
as that of the rise. Apparently the phenomena are of the same order in 
an- and catelectrotonus. In our records, however, there was a very 
distinct action-potential wave superimposed on the catelectrotonic curve 
which appeared’as a continuation of the second or even as a third wave. 
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In the case of the anelectrotonic curve this interference is much smaller, 


due to the passage of the action-potential wave underneath the anode. 
At a distance of about 5-0 mm. the quick component is already quite 
small, and at 8-0 mm. distance it is no longer visible. The general 
character of the curves is the same, but their time constants increase 
with distance, e.g. at 5-5 mm. distance the anelectrotonus due to a 
polarizing potential of 0-36 volt at the nerve reached its final value 
after about 0-13 sec., half the maximum was reached after 0-036 sec. 
In the frog’s sciatic at the same distance half the maximum is attained 


in 0-0075 sec. [Bogue and Rosenberg, 1934], i. e. about fifty times 


quicker. This is in agreement with the greatly diminished polarizability 
which Lullies [1927] observed in non-medullated nerves. 

From the conduction time of the action-potential waves in catelectro- 
tonus at different distances we obtain the velocity of the impulse, and 
can calculate the latency, that is, the time a constant current pulse has 
to last in order to stimulate. This was in the above example 1-8 msec. 
From these figures we can deduce the anodic delay, which in this case 
amounted to about 1-0 msec. This result is an indirect proof that stimu- 
lation occurred at the cathode. 
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The effect of the carotid sinus on the venous flow. 
By R. J. S. McDowatt.. 


In an animal in good condition the first effect of reduction in the 
pressure of the carotid sinus is an increased flow from the femoral vein. 
This is followed by a slowing if the peripheral vascular constriction is 
sufficiently severe, as may occur if the aortic depressors have been 
previously cut also. 

These results are in accordance with the increased venous pressure 
and cardiac output already described for mild degrees of loss of normal 
depressor activity. They emphasize that an important function of the 
depressor mechanism is a control of circulatory capacity. 
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The effect of the aortic and cardiac depressors on the circulatory 
response to posture. By O. EDROLIM and R. J. S. McDowat. 


According to the usual view of the function of the depressor 
mechanisms from the aorta and carotid sinuses, it might be anticipated 
that if the mechanisms are thrown out of action, the normal circulatory 
response to posture might be impaired. Actually the reverse may be the 
case. In a suitably anesthetized animal, changes from the vertical feet 
down position to the vertical head down position may affect the blood- 
pressure less than if the mechanisms are intact. This fact suggests that 
the maintenance of the blood-pressure may not be such an important 
function of these mechanisms as is commonly believed. 

Commonly the response is unaffected by the loss of the buffer nerves. 
In carrying out the experiments care must be taken to avoid loss of 
carbon dioxide from over-ventilation as this reduces the activity of the 
vaso-motor centres. 


Actions of posterior pituitary principles on the colon. 
By A. D. Macponatp and H. L. Sgrrrx. 


Since Blair Bell's [1909] observations on the stimulation of peristalsis 
in the rabbit and in man by pituitary extracts, widely varying results 
have been reported from similar experiments. Since the separation of 
the pressor and oxytocic principles in 1928 the position has become more 
complicated. Gruber and Robinson [1929] found both fractions 
inactive on the ileum of the dog, and we similarly got either no response 
or an inhibitory one on the colon of the cat. Elmer and Ptaszek 
[1930] concluded that in man “pitressin” was a more potent stimulant 
than pituitrin“, and, from experiments on rabbits and dogs, that 
“pitocin’’ antagonized the pitressin effect, thus explaining the 
pitressin-pituitrin discrepancy. Carlson [1930] confirmed the differences 
between the responses of man and the dog to the extracts, using three 
patients with colostomies for his human experimental material. 

We have used the separated principles and combinations of them 
on a series of fifteen patients with colostomies, recording the movements 

of the proximal loop of the colon—believed healthy (one colostomy was 


of 8 years’ standing)—by the usual balloon technique. The findings may 
be tabulated as follows: 


in Pitocin Pitressin (1 unit) 
(1 or 2 units) (5 or 10 units) + Pitocin (5 units) 
Number of injections 15 11 7 
Stimulation 15 3 ; 
No action 0 8 0 
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In these experiments the drugs were injected intravenously—the | 


responses to subcutaneous or intramuscular administration were often 
feeble and always delayed. Stimulation as recorded on the drum, 


2-3 min. after injection, was usually accompanied by the loss of feces 


bor flatus. The table indicates that small intravenous doses of pitressin 
are peristalsis-stimulating in man, and that pitocin in larger doses does 


not inhibit this response. The occasional response to pitocin alone may 
be due to a sensitive muscle being affected by the persistence after 
separation of a trace of pitressin (5 p.c.). The records have had further 
support from screening observations on three patients after opaque meals. 
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The origin of the high blood potassium in adrenalemia. By 
JoHN L. D’Siiva, (From the Department of Physiology, King’s College, 
London.) | 

The intravenous injection of 0-05 mg. of adrenaline into cats under 
chloralose results, within a minute, in a very large increase in the con- 
centration of potassium in the serum. The general properties of this 
reaction have been investigated [D’Silva, 1934], and the close paral- 
lelism which exists between the changes which occur in the serum 
potassium and those in the blood sugar under certain conditions (e.g. 
adrenaline, asphyxia, sensory stimulation) were pointed out. The analogy 
led us to investigate the liver as a source of potassium, The experiment 
has been conducted in three ways. 

(1) When the blood supply to the liver is occluded, there is no 
increase in the concentration of potassium in the serum following an 
injection of 0-05 mg. of adrenaline intravenously. 

(2) To produce a particular increase in the concentration of potassium 
in the serum about five times more of the drug must be injected into an 
arm vein than into a splenic vein, blood samples in each case being 
withdrawn from the hepatic vein. 

(3) Adrenaline mobilizes potassium from a perfused liver at about 
the same rate as in the intact animal. 


REFERENCE. 
D’Silva, J. L. (1934). J. Physiol. 82, 393. 
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Differential paralysis of the superior cervical ganglion. By 0. L. 
Bow and W. FxIDRRRG. (National Institute for Medical Research, 
Hampstead, N. W. 3.) 


We have recently shown [Brown and Feldberg, 1935] that KCl 
injected in small amounts into the Locke’s solution perfusing the superior 
cervical ganglion of the cat excites the ganglion cells and also liberates 
acetylcholine (A. 0.). The known relationship between the propagated 


Fig. 1. Ganglion perfused with Locke's solution+eserine, 2 in 105. Contractions of 

niotitating membrane in response to preganglionic stimulation at 5 per sec. Between 
A and B curarine 1 in 10,000 added to perfusion. a and b, effects on cat’s B.P. of I c. o. 
fluid collected during periods A and B. c, control injection of 0-02y A. C. 


disturbance in nerve and the K ion has naturally led to the speculation 
that K ions might be involved in the synaptic transmission in the 
ganglion. Eccles [1935] has, in fact, suggested that the a.c. liberated 
in a ganglion may play the subsidiary roles of counteracting the onset 
of fatigue and producing vasodilatation, but that the actual transmission 
from preganglionic terminal to ganglion cell is effected by K ions 
conveying “eddy currents” set up by the preganglionic impulses. 

It appeared to us possible to put this question to experimental test, 
if a differential paralysis of the ganglion cell could be produced, which 
would allow either KCI or A. o. still to act, when preganglionic stimulation 


was rendered ineffective. Preliminary experiments, in which nicotine, 


and A. C. and KCl themselves in excess were used as paralysants, showed 
that although they all readily abolished the excitant effects of nerve 
stimulation, a.c. and KCl, that of KCl proved somewhat more resistant 
to paralysis. Curarine, on the other hand, was found to produce a 


reversible and simultaneous paralysis of the ganglion to nerve stimulation 


and to small doses of A. o. without even depressing the stimulant action 
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of K . Ourarine, although paralysing the ganglion, does not affect 


quantitatively the output of A. O. from the ganglion during preganglionic 
stimulation (Fig. 1) (cf. the action of atropine on the heart vagus). 

Fig. 2 shows the paralysis produced by an injection of 7 b. c. of a 
1: 10,000 solution of curarine chloride into the perfused ganglion. The 
effects of slow, maximal preganglionic stimulation are reduced until 
scarcely perceptible, the weaker action of A. C. (0-5y) is eliminated, 
whereas the effect of 0-5 mg. KCl is increased. 

The obvious interpretation would seem to be that the curarine has 
paralysed the ganglion cell to injected a.c. and to the transmitting a.c. 


Fig. 2. As in Fig. 1. Contractions of nictitating membrane in response to: A and D, 
o stimulation at 2 per sec.; B and , 0-5y 4. 0.; C and F, 0-5 mg. KCl. 


Between O and D curarine 1 in 10,000 added to perfusion. 


liberated by the preganglionic impulses, without depressing its reaction 
to the K ion. It appears, therefore, unlikely that transmission from 
preganglionic axon to cell can be effected wholly by the K ion. 


REFERENCES. 
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Simultaneous photographic records of the potential and re- 
sistance effects of the psycho-emotive response. By KENNETH 
-Goapsy and Hector Goapsy. 


A technique has been developed for the simultaneous photographic 
recording of the Tarchanoff [1890] (potential) and Féré [1888] 
(resistance) phenomena of the psycho-emotive response. 

The method allows of accurate calibration of each of the records al 
the inclusion of the signal of an induction shock stimulus. Briefly, the 
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arrangements consist of: (1) A string galvanometer for recording the 
potential [Tarchanoff ] phenomenon, with compensator to balance the 
basic skin potential as in taking electrocardiograms; only variations in 
the skin potential are thus observed, by means of silver electrodes coated 
with silver chloride placed on saline pads on the dorsum and sole of one 
foot of the subject. (2) A reflecting galvanometer which records the 
change of resistance [F éré, 1888] or polarization [Gildemeister, 1915] 
phenomenon of the subject connected in one arm of a Wheatstone’s 
bridge, the other arm of the bridge containing a variable balancing 


— 


Fig. I. Simultaneous photographic records of psycho-emotive resp henomena foll 


an induction shock. Black curve resistance; white curve potential; time in | 


seconds; signal-stimulus; calibration of ordinates 1 mm., 0-1 millivolt and 100 ohms. 


resistance. The subject is connected with the bridge by means of similar 
electrodes; an external E. M. r. is applied from a I- volt dry battery. 
(3) The deflections of the two galvanometers are simultaneously photo- 
graphed on the film of a paper camera running at a slow rate. By this 
method it can be demonstrated that the phenomena are simultaneous 
and have the same form and time relations, the apparent decrease in 
resistance running parallel to the increase of E. M. v. (Fig. 1). 

Thouless [1925] noted, and we have confirmed his observation, 
that in the psycho-emotive response the currents which flow through 
the galvanometers resulting from the variations in (a) resistance, 
(b) E. u. r., are of a different order of magnitude; that due to the 
E.M.F. is of the order of one-hundredth that due to the resistance 
change. 

Exsanguination of a limb, by application of an Rams beck bandage, 
abolishes the Féré (resistance) reaction, leaving the Tarchanoff 
(potential) phenomenon unaffected. This demonstrates that the two 

“reflexes” have different origins (igs. 2 and 3). 
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Active hyperemia produced by heating the limb induces a pro- 
| gressive and large diminution in resistance without any corresponding 
change in the basic skin potential, which is balanced as described above 


Fig. 3, 


Figs. 2 and 3. und Resistance record from exsanguinated 
limb, potential record from normal limb. 


x 

. Fig. 2. Stimulus with limb exsanguinated. 


4 Fig. 3. Stimulus after restoration of circulation. 
by the compensator of the string galvanometer so that no current flows. 


The resistance gradually returns to its previous level as the hyperemia 
subsides again without any concomitant change in the ean 
This further separates the two phenomena. 


: REFERENCES. 
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Thouless, R. (1925). Brit. J. Psychol. 16,5. 


The effect of CO, on the response of the renal vessels to 
histamine. By A. Hemineway (Physiology Institute, Cardiff). 


Conflicting reports regarding the action of histamine on the renal 
vessels have been given by different workers. In general, while there is 
agreement that histamine contracts renal artery ring preparations, there 
is no such accord regarding changes in blood flow and renal volume 
when observations are made on the whole = [MacGregor and 
Peat, 1933]. 

Consideration of results obtained from the . kidney suggests 
that the response to histamine may be determined by the initial tone of 
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the renal vessels, Thus a kidney possessing high vascular tone will give 
a dilator response to histamine (increase in blood flow and diminished 
resistance to perfusion). If the CO, content of the blood be raised by 
increasing the concentration of CO, in the air used for respiration, then 


- dilatation of the renal vessels occurs and the — to histamine i is 


either diminished or disappears. 

These observations are in accord with the suggestion previously put 
forward by Hemingway and MeDowall [1926], that the ability of 

perfused vessels to exhibit a dilator response to histamine may be 

determined by the pH . the perfusing fluid. 


REFERENCES. 
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Curarization in the neuro-muscular system of crabs. By 
BERNHARD Karz (University College, London, and Marine Biological 
Laboratory, Plymouth). 

W. Straub observed [1900] that the neuro-muscular itil of some 
invertebrates is unaffected by curare. This was fully confirmed. With 


high doses of curare (injection of 60-150 mg., 0-05 mg. of which was 


sufficient to abolish the indirect muscle excitability of frogs of 15 g. 


weight), the animals (Carcinus manas) were paralysed and died (ob- 


viously a central effect), while the indirect excitability of the limb 
muscles was not affected. _ 

The marked properties of summation and facilitation in Crustacea, 
differing greatly from vertebrates, have been frequently investigated 
since Richet [1879]. While nerve and muscle each respond well to single 
shocks, a single nerve impulse is not sufficient to cause a muscle con- 
traction. The majority of muscle fibres need batteries of nerve impulses, 
at about 80 per sec., before responding. | 
_ The number of indirect shocks necessary for a threshold contraction varies in individual 
nerve-muscle junctions. It depends (in a certain range) on the frequency of stimulation 
and is less at 150 than at 80 per sec. This number averaged at 20° C. about 7-10, increasing 
considerably during fatigue. A constant time of summation”, independent of frequency— 
as claimed by La picq ue [1925}—was never observed. 

Crab nerves show practically negligible “accommodation”, and therefore give multiple 


response to single shocks if of long duration. Stimuli shorter than the absolute refractory 3 


period must be used. 
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The threshold for direct muscle excitation is much higher than for indirect. With 
increasing frequency, or duration, of stimuli, one may easily get a response, when stimu- 
lating the muscle directly, by exciting the intra-muscular nerves and not the muscle substance 
itself. (Both may give multiple response to single shocks of long duration.) 

These facts have not been considered in the experiments of M. and Mme Chauchard 
[1925] on the “addition latente”, although they might well produce the phenomena upon 
which Lapicque’s theory of the “addition latente” rests. The disagreement between his 
“law of summation” and the all-or-none principle may be due to overlooking - possibility 
of multiple response. 

The facts of (i) the missing curare effect and (ii) the summation of 
nerve impulses necessary for the muscle response might find a satis- 
factory interpretation in Lapicque’s theory of curarization. The 
neuro-muscular system of crabs (nerfs itératifs) is normally not supposed 
to show isochronism, therefore it is not affected by a “heterochronizing”’ 
drug, a8 curare is claimed to be. 

Although curare, however, has no effect, one can easily produce a 
complete curarization with relatively low concentrations of MgCl, (the 
muscle remaining excitable by direct stimulation only, while the electric 
nerve response is considerably increased). 2-5 times the blood concen- 
tration of Mg [cf. Bethe, 1929] was found to produce a reversible, 
complete curarization (similar to the Mg effect observed in vertebrates 
[Guthrie and Ryan, 1910]. 

It is difficult to interpret the curarizing effect of Mg from the stand- 
point of iso- and heterochronism. To assume that a normally hetero- 
chronic” system might be curarized by “increased heterochronism”’ is 
not convincing. It would be simpler to invoke a chemical transmission 
of some kind, and to suppose that the transmitter either is not formed, 
or is destroyed more rapidly, under the influence of Mg. 

REFERENCES. 
Bethe, A. (1929). Pfliigers Arch. 221, 344. 
Chauchard, M. and Mme A. (1925). Ann. Physiol., Paris, 1, 6. 
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Lapicque, L. (1925). Ann. Physiol., Paris, 1, 132. 


Richet, C. (1879). Arch. Physiol. norm. path, 6, 262, 522. 
Straub, W. (1900). Pfliigers Arch. 79, 379. 


7 
* 
hr 

F. 
} 

Sy: 
5 * 

ig 
fs... 

4 

* 

= 

** 

= 

* 

* 

2 

ty 

BY. 

33 

* 

* 
“ 
4) 

2 

| 
* 

a 

& 

Va 

A a 
Det. 

2 
: 
* 
| * 
a 
> 
. ij 


* 
* 
205 : > a 
‘ 
* 
< 
ig 
7 
8 
— 
1 12 
4 
aa 
* 
4 
4 
rag 
€ 
‘ 
2 
5 
— 
= 
2 
3 
* 
F 
’ 
* 
: 
2 
— * 
& 
N 2 
= 
a 
5 
* 
7 
¥ 
4 vat 
15 
ig 
4 
NGO 


PROCEEDINGS 


OF THE 


PHYSIOLOGICAL SOCIETY, 
December 7, 1935. 


A mammalian muscle-nerve preparation. By W. A. Bam | and 
B. A. MoSwiney (Physiology Dept., University of Leeds). 


The preparation consists of the lower end of the rabbit’s esophagus 
with that part of the vagus nerve which supplies this region. It is of 
interest chiefly because first, it contains both striated and plain 
muscle innervated by the vagus, thus permitting comparison in a single 
preparation of the reactions of the two types of muscle; and, second, by 
taking suitable precautions preparations containing only striated 
muscle can be got, such constituting perhaps the simplest type of 
mammalian striated muscle-nerve preparation available. (A vagus-plain 
muscle preparation from the cat’s oesophagus has already been described 
by Rabinovitch [1928].) . 

. A rabbit is killed by a blow on the occiput. The interior of the thorax 
and upper part of the abdomen are widely exposed through a ventral 
izcision and the cesophagus and vagus nerve identified. A thread is tied 
round the cardiac end of the esophagus, and another 4 or 5 cm. above 
the first (care being taken to exclude the vagus from the second ligature) ; 
a length of nerve is cleared headwards from the level of the upper ligature 
and tied off 3 to 4 cm. above this. The esophagus is cut through above 
and below the upper and lower ligatures respectively, and the nerve above 
its ligature. The preparation thus isolated is placed in a bath of oxy- 
genated Locke’s solution at 37° C., the lower end being attached to the 
bottom of the bath and the upper end to a lever. The nerve is placed on 
metal or fluid electrodes. 

Stimulation of the nerve with a single induction shock results in a 
single twitch of the striated muscle. Occasionally the single twitch so 
obtained is followed by a prolonged slow contraction. As this occurs 
more regularly when the nerve is stimulated “galvanically” or by 
condenser discharges (4 F.), and does not occur at all in preparations 
subsequently shown to be devoid of plain muscle, we consider this 
secondary slow component of the double contraction to be due to a 
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twitch of the plain muscle in the preparation. (Action-potentials of such 
double contractions in the rabbit’s esophagus have been described by 
Brücke [1912, 1913].) 

Some preparations exhibit spontaneous rhythmic contractions, but 
the existence of such is not necessary for the appearance of plain muscle 
contractions in response to nerve stimulation. Sometimes previously 
quiescent plain muscle becomes automatically rhythmic following re- 
peated stimulation of the nerve, or after addition of acetylcholine to the 
bath. 

Finally, it may be stated as a general rule that a striated muscle- 
nerve preparation will be obtained if the lower ligature on the cesophagus 
is 2cm. or more from the stomach, whereas plain and striated muscle 
will both be present if the lower ligature is nearer the stomach than this. 
Absence of plain muscle in a preparation is indicated by absence of 
contraction in response to acetylcholine, and can be confirmed histo- 
logically. 

REFERENCES, 


Brücke, E. T. von and Inouye, T. (1912). Pfliigers Arch. 145, 152. 
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Nomenclature of tracts in the nervous system. 
By H. E. Roar. 


F origin and termination 
of the fibres is to be commended. In the spinal cord fibres arising from 
cells in the dorsal roots and running to the medulla are known as spino- 
bulbar tracts. It would be more accurate to call them radico-bulbar 
tracts. | 

The comma tract can be called the caudal radico-spinal tract. 


A device for stimulating with single make shocks. 
By H. E. Roar. 


This method is the same as that of stimulating directly from a con- 
denser, but a coil is connected in berigs with the condenser and contact 
key. 

If insufficient current passes 3 an induction coil no result will be 
produced with either make or break of the current. A great deal depends 
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upon the coil that is used, so in what follows it is assumed that different 
values will be necessary with different types of coil. 

With the coil used, a 2 volt accumulator with 200 w in series will 
cause stimulation of a muscle nerve preparation at make and break of the 
current. With 1000 w in series no stimulation will result at either make or 

break of the current. | 
By connecting a condenser across the coil so that one set of plates is 
connected between the resistance and the make and break key and the 
other set to the opposite lead to the coil, it is possible to stimulate through 
the coil by the condenser discharge. The capacity of the condenser must 
be suitable: 2 mfd. was sufficient but 1 mfd. was not great enough. With 
anything up to 250,000 w stimulation would take place at make, but no 
effect was obtained at break with resistances of the order of 1000w. With 
high resistances the rate of charging of the condenser will allow only 
infrequent stimulation if the capacity is great. 

With the right resistance and capacity it is possible to equalize the 

make and break stimuli or to stimulate at the make shock only. 


The effect on invertebrates of drugs which act upon the 
vertebrate autonomic nervous system. By H. E. Roar. (From 
the Biological Station, Port Erin, Isle of Man.) 


The resemblance between the invertebrate ganglionated nervous 

and the vertebrate autonomic nervous system ‘was pointed out 

by Gaskell [1916]. Many observers have tested on visceral muscles of 

invertebrates the effect of drugs which act upon the vertebrate autonomic 
system [Bain, 1929; Evans, 1913; Hogben and Hobson, 1924]. 

Bayliss, Boyland and Ritchie [1930] obtained negative results on 
the slow muscle of Pecten opercularis with some of the drugs used in this 
research. 

The results show that certain of the drugs produce an effect on the 
non-visceral musculature, thus suggesting some evolutionary relationship 
between the invertebrate nervous system and the vertebrate autonomic 
nervous system. 

Pilocarpine causes Purpura lapillus to come out of its shell; with 
concentrations about 1 in 2500 the animal can be lifted out of the sea 
water without retracting. Some effect was noticeable in dilutions as high 
as 1 in 100,000. 
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Ergotoxine paralyses the foot musculature of lamellibranchs as shown 


with Pecten opercularis and maximus, Mytilus edulis and Anodonta cygnea. 
A distinct effect could be traced in dilutions as high as 1 in 10,000,000. 

Atropine causes the mantle of Archidoris tuberculata to become 
dorsally recurved and adrenaline caused a thick secretion of mucus by 
Archidoris. 

the drugs were in the water in which the animals wer 
living. 
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Pre- sympathectomy and the bladder in man. 
By E. D. McCrea and A. D. Macpoxalp. 


Our observations on the effects of nerve stimulation on the bladder 
of the cat and dog [McCrea and Macdonald, 1930] indicated the 
presence of both motor and inhibitory fibres in both hypogastric and 
pelvic nerves, and we concluded that the responses elicited by such 
stimulations were conditioned by at least two factors—muscle tonus 


and the nature and depth of the anesthesia. We have also reviewed the 


evidence for the commonly held belief that the pre-sacral supply to the 
bladder in man is inhibitory to the expulsive muscles, apart from the 


trigone and the uretero-vesical and internal sphincters, and pointed out 


the serious discrepancies in this literature [McCrea and Macdonald, 
1934]. On several occasions we have endeavoured to establish the effects 
of section and stimulation of the pre-sacral nerve on the tone and move- 
ments of the human bladder, but the results in our first three cases were 
negative as the level and nature of the anesthesia were such that the 
viscus was atonic and unresponsive. (These three were gynecological 
cases in which pre-sacral sympathectomy was indicated for the relief of 
various symptoms. ) 

In a recent male case, operated on for chronic constipation, we were 
more successful. Anesthesia after induction was maintained with nitrous 
oxide and oxygen. After isolation of the nerve plexus the bladder was 
filled through a catheter and attached to a water manometer. Section of 
the nerve had no noticeable effect on intravesical pressure, but traction 
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on or electrical stimulation of the peripheral end of the cut nerve resulted 
in a marked contraction which could be seen to be widespread. Such 
contractions were observed at varying levels of pressure (30 and 5 om. of 
water); they were followed by slight loss of tone, but the motor component 
was much the more striking part of the response. It is believed therefore 
that in man, as in the experimental animal, there are motor fibres to the 
general musculature of the bladder included in the sympathetic supply. 


REFERENCES. 
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The effect of cyanide on the nn metabolism of the heart. 
By L. B. Wrrrnn. 


When the fresh heart muscle of the dog is kept at 37° C. for 1-2 hours 
in an atmosphere of nitrogen, the inositol content of the muscle is in- 
creased [Winter, 1934]. It was left undecided whether the new formation 
of inositol was due to enzyme action. The following experiments were 
performed to determine whether, during inhibition of tissue respiration 
by means of cyanide, there is an increase in inositol similar to that which 


takes place in nitrogen. 


The same method was used; disintegration of the tissue with boiling 


aqueous potash, extraction of the inositol, recrystallization and weighing. 


The animal was stunned electrically, the throat was cut, and the heart 
was removed as rapidly as possible. The auricles and fat were removed and 
the muscle was minced in an ice-cold mincing machine, divided into two 
portions, and weighed. One half was placed in a flask in saline (1 c. c. 
per g. muscle) containing M/250 KCN, and allowed to stand at 37° C. 
for 11 hours. 1 C. C. 20 p.c. potash per g. tissue was then added, and the 
flask was placed in a boiling water bath under reflux. The half heart which 
was not incubated was placed immediately after weighing in the same 
volume of cyanide saline and potash, which was ready boiling in order to 
reduce survival changes to a minimum. In each case reflux was continued 
for 5 hours, so that in all the experiments the sum of the free and com- 
bined inositol is estimated. After reflux, the mixture was worked up for 
extraction of the inositol. Two series of experiments were carried out; 
in the first the saline was used directly after addition of the cyanide, but 
since the alkalinity of the fluid might of itself inhibit enzyme action, in 
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the second series the fluid was neutralized with hydrochloric acid after 
the cyanide was added. 


Musole killed After survival 
Muscl in 100 
© (g. mg. per g. 
each — A * 


Series 1 41 14-6 16-1 
99-0 


60-5 | 206 
56-4 
16-2 6-9 


26-7 48-4 
30-1 34-8 


The experiments with addition of cyanide show that, in place of the 
regular increase found when nitrogen was used, there is a great variation 
in the results, with a balance in favour of a decrease in the inositol con- 
tent of the tissue. It becomes more probable therefore that there is in 
muscle some enzyme system concerned with the formation of inositol. 


‘Series 2 
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Further observations on changes of potential and E.M.F. re- 
corded from the human skin. By W. F. Fioyp! and C. A. KERLE. 


(From the Department of Physiology, Middlesex Hospital.) 
Potential and E. M. r. changes have been recorded continuously, from 


the skin of a human subject, with the aid of the amplifying and recording 


equipment described by one of us [Floyd, 1935]. Pairs of meroury- 
calomel-saline, and silver-silver chloride-saline, electrodes were used for 
contact with the skin. 

I. Potential measurements. We have measured the potential 
differences that exist between any two points on the skin, when the 
subject is at rest (resting potentials), and the changes of potential which 
occur as the result of some form of bodily stimulation. We have principally 
used a single maximal deep breath as the stimulus. 

(i) Resting potentials. The resting potentials of the skin surface have 
been mapped out relative to a fixed point. The only result we wish to 
emphasize here is that the palm of the hand and the palmar surfaces of 
the fingers are almost invariably negative with respect to the dorsal 
surface of the forearm. The difference may amount to 50 mV. 

(ii) Changes of potential in response to stimulation. As the result of a 
single maximal deep breath (or other stimulus) there is a change of skin 
potential which can be recorded only from certain well-defined regions of 
the body surface. Such areas we have termed active to distinguish them 
from inactive regions from which no responses are obtained. The optimum 
condition for recording these changes exists when one electrode is con- 
nected to an active, and the other to an inactive, region. The active 
regions are the palmar surfaces of the hands and fingers, the plantar 


5 surfaces of the feet and toes, and the dorsal surfaces of the feet. In these 
1 1 Leon Fellow of the University of London. 
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regions stimulation may lead to a change of potential of several milli- 
volts. The inactive regions either show no response or only a slight 
change (less than 1 mV). 

(iii) Relation of area of electrodes to resting potentials and potential 
changes. The area of the electrode in contact with an inactive region was 
maintained constant, and the effect of changing the area of the active 
electrode was observed. This had no significant effect on either resting 
potentials or potential changes, even when the area of the active electrode 
was reduced to that of the cross-section of a fine capillary tube, or in- 
creased to 3 sq. cm. 

II. B. M. . measurements. There are active and inactive regions 
which are approximately the same as those described for potential measure- 
ments. In all the following experiments we have placed one electrode 
in contact with an inactive region, viz. the dorsal surface of the forearm, 
and the other in contact with an active region, viz. the palm of the hand 
or the palmar surfaces of the fingers. The inactive electrode was con- 
nected to the earth lead of the amplifier. A deep breath has been used 
as a stimulus. | 

(i) Relation of E. M. v. changes to current flow. The magnitude of the 
E. M. y. change following stimulation (called E. M. r. response) varies directly 
with the value of the constant current flowing through the subject. 


Over the range of current from 1 to 10A there is a linear correlation of 


the order of 0-9. For current values between 10 and 50,A the corre- 
lation is rather less than this value, and not quite linear. We have not 
investigated higher current values for this relation. 

(ii) Relation of the area of the electrodes to E. M. r. responses. The E. M. Fr. 
responses have been found to vary inversely with the area of the electrode 
at the active region, for a given value of constant current. This intro- 
duces the conception of current density at the active region as a very 
important factor controlling the magnitude of the E. M. 7. response. 

(i) Relation of local skin temperature to E. M. v. responses. At 15° C. 
(active region) the E. M. y. response shows a longer latent period, a slower 
change, and a much more prolonged return to the normal, than at 30° C. 
In the former case the return may take 4-6 min., in the latter it is 
nearly always complete within 1 min. The magnitude of the response is 
practically the same in both cases. 

(iv) Advantage of the use of the constant current circuit. A feature of 
the use of the constant current circuit is that a steady base line is 
obtained within a few seconds of the circuit being made. Time must be 
allowed, however, for the electrodes to reach a steady state [Floyd and 
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Keele, 1936]. In cases where a constant current circuit is not used, a 
period of at least 20 min. (the so-called “accommodation time”) is 
required before a steady base line is obtained, from which k. M. 5. responses 
may be measured. 

(v) Reversal of electrode connections. We have found that, statistically, 
there is no significant difference between the magnitude of B. M. v. re- 
sponses, for a fixed value of current, when the connections from the 
electrodes to the source of constant current are reversed. 
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Floyd, W. F. (1935). J. Physiol, 85, 28 P. 
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Electrolytic phenomena in electrodes used for physiological 
purposes. By W. F. Froyp' and C. A. Kreuz. (From the Department 
of Physiology, Middlesex Hospital.) 

In the course of investigations of electrical phenomena recorded from 
the human skin [Floyd, 19355], it became necessary to know the pro- 
perties of the electrodes used by us, and the following is a brief description 
of the measurements we have made in order to determine the required 
characteristics. 

In the case of potential measurements from the skin the question of 
electrolysis in the electrodes does not arise, because the current through 
the electrodes is not more than 0-0005A (the value of the grid current 
of the first valve of the amplifier—obtained by modification of the 
original circuit). But in the case of E. M. y. measurements the problem of 
electrolysis in the electrodes is important, and experiments were designed 
to study the behaviour of the electrodes over periods of several minutes, 
as such information has not been available hitherto. As in the case of 
the E. M. y. measurements from the skin, we have employed for the 
electrode experiments the constant current circuit described recently by 
one of us [Floyd, 1935a]. 

We have studied in some detail the behaviour of the following types of electrodes: 

(i) Mercury-Calomel-Saline (0-9 p. o. NaCl). 
(2) Silver-Silver chloride-Saline (0-9 p.c. NaCl). 5 

(i) Silver wire, in contact with solid silver chloride, immersed in saline. 
(ii) Silver wire, electrolytically coated with silver chloride (dark purple-grey 
colour), dipping into saline. 
(iii) Silver foil, electrolytically coated as in (ii), in contact with saline. 
(3) Zine-Zinc sulphate-Saline (0-9 p. o. NaCl). 


1 Leon Fellow of the University of London. 
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A constant current was passed through a pair of cr connected 

by a saline bridge, and the E. M. v. across 
the pair was recorded continuously with 
the aid of a battery-coupled amplifier and 
recording galvanometer [Floyd, 1935a]. 
It was found that, when the circuit was 
made, the E. M. v. increased almost instan- 
taneously from zero level (B to C in Fig. 1), 
continued to rise more slowly (O to D), and vu (15 Secowo /wraevacs) 
finally attained a constant level (at E). Fig. 1. 
The time interval from B to E varied from 
1 to 3 min. The current values employed ranged from 1 to 1000 A (1 mA). 
The same form of response curve was obtained with all the electrodes 
employed. The apparent resistance (i.e. developed R. M. v. / current, better 
named the equivalent resistance) varies with the cell dimensions, and, for 
a given pair of electrodes, varies with the current value. Thus, a pair of 
silver-silver chloride electrodes gave the following results: 


uivalent 
Current (uA) resistance () 
40 140 
300 105 
1000 56 


The developed E. M. v. consists of two chief components, (i) an E. M. v. 
representing the work done in the transport of charge across the electrodes 
by ions, and (ii) inter-facial potentials, due to those products of electro- 
lysis which accumulate at the poles of the electrodes, The former is an 

ohmic component, since we are dealing with a weak solution of a strong 
electrolyte [Falkenhagen, 1934], and the latter is usually termed the 
polarization potential. We have not attempted here to distinguish be- 
tween these components. 

The equivalent resistance of a pair of electrodes may amount to as 
much as 20002, but this value is often small in comparison with the total 


equivalent resistance of a circuit including living tissue, which may 


have a value between 10,000 and 200,000Q. 

It is evident from the above that in practice the electrodes must be 
allowed to reach the steady state before E. M. r. changes of living tissues 
may be recorded. We prefer the silver-silver chloride electrodes to the 
other types mentioned, as they are very simply made and easily portable. 
The mercury-calomel electrodes are satisfactory in most ways, but are 
more troublesome to prepare, and need greater care in use. The zinc-zinc 
sulphate electrodes suffer from the disadvantage of a zinc sulphate-saline 
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liquid junction. The potential associated therewith is likely to be a 
variable quantity, and cit give nine, therefore, to experimental difficulties 


1930]. 
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Vitamin B. and fatty livers. By E. W. McHenry. (Introduced by 
F. G. Youne.) (From the School of Hygiene, University of Toronto.) | 


During an investigation of the complementary effects of vitamin B, 
and choline upon the gain in weight of young rats, estimations of the 


total fat content of the livers have been made. These have shown that 


vitamin B,, given orally in small dosage, has an effect upon the liver fat. 
This effect would not have been observed if a basal diet very low in 
choline had not been used. The presence of choline in the diet would have 


_ decreased the liver fat and thus obscured the action of vitamin Bi. 


In this communication results on two series of young female rats are 
reported. The rats were albinos of the Wistar strain and were reared in 
the Connaught Laboratories’ colony. Prior to the experiment they were 
fed on a complete mixed ration. During the experimental period of 
4 weeks the following basal diet was employed for all animals: 


Casein (British Drug Houses) .... I 10 p.c. by weight 
Egg-white (dried and 5 | 

Salt mixture © (MoCollum's 180) 

Agar 15 


Ample quantities of vitamins A and D were furnished by the addition 
of a cod- liver oil concentrate. For certain groups supplements of choline 
and of vitamin B, were supplied. Rats receiving choline secured 5 mg. 
per day mixed with the day’s ration, while those given vitamin B, were 
supplied with 5y daily in the form of a crystalline preparation, generously 
supplied by Merck and Co. Both these supplements were distinct 
chemical entities and the results secured may thus be attributed with 
confidence to single factors. 
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Series A 
This series contained forty rats divided into four equal groups. The 
primary objective was to observe the effects of the dietary supplements 
on the gain in weight. The results of these weight changes are contained 
in a paper in this Journal (in the Press). The total liver fats were as 
follows: 


Group and diet Average total liver fat 
1. Basal only 7-51 p. o. 
2. Basal+choline 6-45 „ 
3. Basal+ vitamin Bi 16°58 „ 
4. Basal+ vitamin B, +choline 727 „ 


It is obvious that the addition of vitamin B, to the diet caused a 
marked increase in liver fat and that this increase was prevented when 
both the vitamin and choline were supplied. 


Serves B 
In this case forty-eight rats were used and the primary objective was 
to observe the effect of vitamin B, upon liver fat. The animals were 
divided into two equal groups, one receiving only the basal diet, the other 
the basal diet plus vitamin B,. 


Group and diet Average total liver fat 
1. Basal only 9-29 p.c. 
2. Basal+vitamin B, 17.03 „ 


The effect of vitamin B. in increasing liver fat was again shown and 
it should be remembered that this difference is due only to one factor, 
the presence of minute amounts of a crystalline preparation of the 
vitamin. 

From the many possible explanations of this action of vitamin Bi, 
two may be selected for mention at this time. The increased liver fat may 
result from (1) increased absorption of fat from the intestine, or (2) it 
may be due to an effect of vitamin B,, directly or indirectly, upon the 
transport of fat to the liver. Since the results of previous investigators 
have indicated that there are degenerative changes in the intestine in 
the absence of this vitamin, the first explanation appears more likely. 


Further experiments are now in progress in which determinations of fat 
excretion will be made. 2 
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The genesis of respiratory movements in the sheep. By J i 
Banchorr, D. H. Barron and B. H. C. Marruews. (From the 
Phys iologioal Laboratory, Cambridge.) 


The film shown illustrates the following stages in: 


oa (1) Development of respiratory movements 


otal 
140-153 Full term. 
37 Touching nose evokes general extensor movement. 
38 General extensor movements “spontaneous” and rhythmic. 
40 Transition from general extensor rhythm to general flexor rhythm. 
40 Flexor rhythm involving neck, trunk, legs, pulling down of liver. 
43-47 


Movement seen 


(2) Relation between muscular movement and respiratory rhythm 
Fostal age 


37 Mechanical stimulation produces general extensor movement. 


44 Mechanical stimulation produces one extensor movement followed by re- 
spiratory rhythmic movements. 

47-49 The initial extensor movement assumes increasi the form of a righti 
movement [see also Windle and Griffin, 1931; Windle and Fish, 1932) 
while the rod eee rhythm, which may be present before the stimulation, 
becomes much more laboured. The general impression given is often that of 
a gentle leap followed by breathlessness, — — to be the basis of the 
“irradation” hyperncea observed by Krogh Lindhard [1913]. 
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 _ Blectrotonic conduction of the potentials of grey matter. By 
a D. H. Barron and B. H. C. Marruews. (From the Physiological 
Laboratory, Cambridge.) 

We have previously [1934, 1935] described action potential dis- 
charges emerging from the spinal cord by the dorsal roots; these were 
classified as (a) discharges from intraspinal neurones (few), (b) antidromic 
sensory discharges (many in cats, few in frogs), (c) large slow potential 
changes (always present in both frogs and cats). 

We thought at first that (c) were summated action potentials of many 
small fibres, but further work shows this view to be untenable. While some 
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discharges in small fibres may also be present, the large slow potential 
changes in the dorsal roots appear not to be due to impulse activity. 

Much work has been done by Gasser and Graham [1933], Umrath 
and Umrath [1934], and others, on the large slow potential changes 
detectable from the surface of the spinal cord, showing these to be 
correlated with activity of the grey matter. The slow potential changes 
in the posterior roots are similar to those recorded from the surface of 
the cord, and appear to have the same origin, but the appearance of 
these potentials in the roots is not a matter of simple electrical spread. 
The potentials evoked by electrical or sensory stimulation of the foot are 
of considerable amplitude (100-500 % V) when both electrodes are on a 
cut rootlet 5 mm. apart, the nearest being 1 cm. from the cord, but they 
vanish when the nerve is crushed below the electrodes, or is replaced by a 
moist thread touching the cord where the root leaves it. The major 
potentials recorded from the roots are of the same polarity as mono- 
phasic impulse action potentials recorded from the same electrodes, and 
correspond to the negative wave of Gasser and Graham. 3 

These potentials thus depend on the physical integrity of the nerve 
for their conduction; they cannot however be attributed to summated 
impulse action potentials, because their amplitude falls off rapidly as the 
electrodes are moved along the root away from the cord, without any 
significant change of shape occurring; moreover they are not abolished 
by novocaine. The potential fluctuations occurring in the grey matter 
thus appear to be conducted along fibres that are exposed to them as 
changes in their state of polarization, in much the same way that electro- 
tonus is conducted in a peripheral nerve to regions distant from where 
potentials are applied. Eccles [1935 a, ö] has observed a similar electro- 
tonic conduction of the potentials of the superior cervical ganglion to 
occur along the postganglionic nerve trunk. 

We find that artificial slowly fluctuating potentials (subthreshold 
sine wave, 2-4 cycles per sec.) applied to a peripheral nerve are similarly 
conducted along the nerve, their amplitude falling off rapidly with 
distance, as is indeed to be expected from what is known of the pheno- 
mena of electrotonus evoked by rapid potential fluctuations [Bogue and 
Rosenberg, 1934]. These conducted potentials are slightly reduced but 
not abolished by novocaine, but are abolished by crushing. 

Gotch and Horsley [1891], in their extensive study of electrical 
variations in the spinal cord and its roots, found potential variations 
occurred in the dorsal roots of cats; but the impulse action potentials 
which we find could hardly have been detected with the instruments 
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available to them, so the potentials they observed must have been these 
electrotonic potentials which could easily have been detected with their 
instruments. We have repeated their observation that the potentials are 
greatly increased by strychnine, but find strychnine does not appear to 
lead to a failure of one-way conduction at the synapses of the dorsal root 
fibres; it does however remove or reduce the intermittent blockage of 
impulse conduction that can be observed in single fibres of the posterior 
columns. 

The potentials recorded from electrodes close to the cord on a root in 
air are often larger than those recorded by electrodes at the same separa- 
tion on the cord itself, however these are orientated; this suggests that 
potentials are in part led to the cord surface as electrotonus of the roots. 

From quite other evidence we have suggested [1935] that electrotonic 
conduction of potential changes in grey matter is responsible for an 
integrating mechanism we have observed in the spinal cord; it is clear 
that such conduction of these potentials occurs over much greater dis- 
tances than we postulated, and the effects seem to be of sufficient intensity 
to block conduction close to the grey matter, thus causing the inter- 


mittent conduction which we observe in fibres in the spinal cord; it thus 


appears probable that activity in the grey matter may affect neighbouring 
structures by electrotonic conduction as well as by impulse transmission. 
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The interrelation of ostrone and progestin in the menstrual 
cycle. By S. Zuckerman. (From the Department of Human Anatomy, 
Oxford.) 

Gonadectomized monkeys undergo a phase of uterine bleeding after 
the cessation of courses of injections of cstrone, bleeding as a rule 
beginning within 7 days of the last injection. A series of thirty experi- 
ments was carried out on twelve spayed rhesus monkeys (Macaca mulatta), 
of average body weight about 4 kg., in order to discover whether or not 
continuous daily injections could be so graded in dose as to induce 
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bleeding at approximately 28-day intervals. Oil solutions of crystalline 
cestrone were used, and for the first 14 days of each “experimental 
menstrual cycle” the hormone was administered in increasing amounts, 
the maximum dose reached per cycle varying between 850 and 5000 1. v. 
daily. On the 15th day of each experiment (this day being chosen as 
representing the natural mid-interval fall in cestrin level which coincides 
with ovulation) the daily dose of costrone was dropped to a constant low 
level which in no case was higher than 500 1.v. No course of injections 
was prolonged beyond the 40th day. 

It was found that bleeding never occurred, while injections were 


~ continued, if the low daily dose of cestrone was 200 1. U. or more, even 


though in some cases the low level represented as little as 4 p.c. of the 
previous maximum daily dose. If the low level was 150 or 175 1. v. daily, 
the animals usually started bleeding between the 26th and 28th days of 


the experiment. If the low level was 100 1. v. daily or less, bleeding usually 


began between the 20th and 24th days. There are no available data to 
show that any except ovarian factors are immediately concerned in 
uterine bleeding in Primates. If the view that a mid-interval drop in 
cestrone level occurs not only in ovulatory, but also in non-ovulatory 
cycles, is accepted, it then follows that the oestrone level in the second 
half of natural non-ovulatory cycles has to fall to some point within a 
fairly fixed critical range, above which bleeding would be unduly de- 
layed, and below which unduly hastened, relative to the normal average 
28-day cycle. 

Six experiments on the combined effects of cestrone and progestin 
were performed. In two, cestrone was first given in mounting doses for 
14 days, and on the 15th day the daily dose dropped to, and maintained 
at, a level at which uterine bleeding would be expected about the 28th 
day. In addition, and beginning on the 15th day, 1 R. u. of progestin was 
given daily for 10 days. Bleeding occurred on the 26th day from a 
typical premenstrual endometrium, the injections of cestrone having been 
continued until bleeding began. 

The bleeding which normally follows the cessation, of cstrone in- 
jections can be delayed by the administration of progestin [Engle and 
co-workers, 1935; Corner, 1935]. This finding was tested in two experi- 
ments in which cstrone was given as in the two previous experiments 
with estrone and progestin, but in which the daily 1 R. b. of progestin 
was continued beyond the 10th day. One animal bled, in spite of the 
continued progestin, on the 26th day; the second animal did not bleed 
until after the cessation of progestin injections on the 40th day. 
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On the 15th day of two further and similar experimental cycles, the 


| estrone level was dropped to, and then maintained at, 500 1. v. daily, an 


estrone level at which bleeding has not been observed to occur. One 
R.U. of progestin was given daily, for 10 days only, beginning on the 15th 
day. In spite of the cessation of progestin injections, bleeding in neither 
case began before the cessation of cestrone injections on the 40th day. 
These various findings are in agreement with an interpretation of the 
menstrual cycle put forward elsewhere [Zuckerman, 1930]. 
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The mode of action of vaso-dilator nerves. By W. A. Bain. 
(From the Physiology Department, University of Leeds.) 


In a previous communication [Bain, 1932] it was shown that in the 
dog’s perfused tongue stimulation of the chorda-lingual nerve conferred 
upon the perfusion fluid properties which rendered it excitatory to a 
piece of rabbit’s isolated intestine, and it was concluded that these 
experiments gave direct support to the view that vaso-dilator nerves 
produce their effects by the production or liberation of a specific acetyl- 
choline-like substance. A similar conclusion was come to independently 
and almost simultaneously by Feldberg, as a result of experiments on 
the tongue with its circulation intact [Feldberg, 1933]. 

This interpretation of our results is, however, open to the criticism 
[see e.g. Gaddum, 1935] that the acetylcholine-like substance may have 
been liberated not by the vaso-dilator fibres, as we had supposed, but 
by the secretomotor chorda fibres which are known to supply the 
numerous glands in the mucosa and submucosa of the tongue. 

Experiments have accordingly been made in which the mucous 
membrane of the tongue has been removed as completely as possible, 
thus removing at least the greater number of the glandular elements of 
the organ, with the terminations of the postganglionic fibres which 
supply them. 

The removal is most easily effected by light cauterization of the 
dorsal and lateral surfaces of the tongue, after which the mucous mem- 
brane is simply peeled off. Removal by dissection has also been tried, 
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but this is both tedious and unsatisfactory. The eserinized dorsal muscle 
of the leech has been used as the test object for the transmitter of the 
chorda-lingual effects. 


Removal of the mucous membrane usually leads to the appearance 


of an acetylcholine-like substance in the perfusate, and though the 
amount so liberated gradually disappears, it is often difficult, after the 
operation, to get a blank control. Nevertheless, a comparison of the 
results of chorda-lingual stimulation before and after removal of the 
mucous membrane, makes it apparent that even if, as seems almost 
certain, part of the active substance is liberated by the secretomotor 
chorda fibres, the greater amount by far is in fact liberated by the vaso- 
dilator components of the nerve. Whatever the source of the active 
substance, liberation of which results from the operative procedures 
incidental to the removal of the mucous membrane, these procedures do 
not appear appreciably to affect the functions of the vaso-dilator fibres 
as indicated by the vaso-motor response to nerve stimulation. 7 
These new observations thus support our original contention that the 
vaso-dilator chorda fibres which accompany the lingual nerve transmit 
their effects—effects which are atropine resistant—by the peripheral 
liberation or production of a specific acetylcholine-like substance. 
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On the inactivation of adrenaline in vitro. By W. A. Bam and 
S. F. Surrotx. (From the Physiology Department, University of Leeds.) 


This work was started to determine the mechanism of the inactivation 
of adrenaline by blood and other tissues, and to determine whether 
cocaine produced its potentiating action on sympathetic effects, and on 
the effects of adrenaline, by preventing this inactivation. 

The results obtained so far may be briefly summarized as follows: In 
oxalated or defibrinated blood, oxygenated and at body temperature, 


the rate of inactivation of adrenaline (10 or 20y per c.c.), as indicated 


by blood-pressure assays on spinalized or urethanized cats, appears to be 
slow. While adrenaline in Ringer’s solution, under similar conditions, 
loses all its pressor activity in 40 min., adrenaline in blood loses but from 
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40 to 60 p.c. of its activity in 4 hours. Under the conditions of our 
experiments cocaine does not appear to have any effect on the rate of 
inactivation of adrenaline. 

Experiments on the effect of tissues incubated in contact with blood 
and adrenaline followed. The tissues were removed from the animal used 
to supply the blood for the experiment, were cut into thin slices with a 
razor, and a weighed amount of washed tissue added to a known amount 
of blood with or without adrenaline, and left to incubate at body tem- 
perature. Of the tissues studied liver shows by far the greatest activity 
in abolishing the pressor action of adrenaline. A solution of adrenaline 
in blood (20%. o.) in contact with liver (1 gm./c.c.) has no pressor action 
whatever after 4 hours; a control of adrenaline in blood without liver 
shows about 50 p.c. inactivation in that time. 

Kidney tissue has been shown to be intermediate, weight for weight, 
between liver and skeletal muscle, which last shows but a slight in- 
activating property. The action of liver tissue is diminished by plunging 
into boiling water for a few seconds and abolished by boiling for 10 min. 

We have failed so far to obtain a potent liver extract, and for this 
and other reasons we are unable at present to commit ourselves as to the 
nature of the inactivating principle. Further experiments on this point 
are in progress. : | 

We have also failed to obtain any evidence that cocaine has an 
inhibitory action on the adrenaline inactivating principle of liver in 


Adrenaleotomy of birds. By A. S. Parkes and H. Sztve. 
(From the National Institute for Medical Research, London.) 


Seven adult ducks were totally adrenalectomized by single operations. 
Six of these, all Khaki Campbells, died 6-20 hours afterwards, and the 
seventh, a Rouen drake, died about 60 hours after operation. In all 
cases the symptoms were similar. Recovery from the anssthetic, eto., 
was good, and many of the birds were in excellent condition for several 
hours, but subsequently they showed general signs of distress, accom- 
panied by quickened respiration and muscular weakness. That this 
collapse was not due to general operative effects was shown by control 
operations in which, as near as could be judged, 1 only, 1 +§, 1 ＋ T, and 
14,9, adrenals were removed. The first three of these survived without 
any apparent ill-effect, although in the second and third the severity of 
the operative procedure was not less than that in total adrenalectomy, 
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The fourth bird, in which only a fragment of adrenal tissue was left, 
died in about 24 hours. Removal of the hypertrophied remaining adrenal 
tissue in the first three of these birds a month after the previous operation, 
resulted in the death of the first in about 60 hours, and of the second in 
8-17 hours (the third died during operation), so that we have no definite 
evidence that a two-stage operation prolongs survival after removal is 
complete. As might be expected from the severity of the adrenal 
deficiency symptoms, large amounts of cortin are required to keep 
adrenalectomized ducks alive. Survival was not prolonged at all in one 
receiving 1+2 C. c. of Eucortone (Allen & Hanbury) after operation. 
Another duck, receiving 4/4 C. c. on the day of operation and the same 
the following day, died during the next night. A third bird receiving 4 0. c. 


three times daily, decreasing to 2 C. c. twice daily, lived for 7 days, when 


it died in a state of inanition. 

The operation was more difficult on fowls. Two Sebright Bantam 
cocks were adrenalectomized and survived in good condition without 
treatment. At autopsy, 18 and 51 days respectively after operation, 
small pieces of adrenal tissue were found remaining in each. A Barred 
Rock cockerel and a Black Minorca cock survived the operation for only 


17 and 10 hours respectively, although a fragment of adrenal was left 
behind in the latter. In view of the difficulty of the operation on adult 


fowls, young Brown Leghorn males about 8 weeks old were next used. The 
actual removal of the glands is comparatively easy at this age, but the 
damage to air sacs, loss of blood, etc., is very severe on such birds. 
Five were double adrenalectomized at one operation and successfully 
overcame the immediate effects of the operation. Two untreated ones 
died 7-10 hours respectively after operation, while three treated daily 
with 27 2 c.c. of Eucortone survived for 12 hours, 32-40 hours, and 
13 days respectively. The last of these died 24 days after the cessation 
of cortin injection. 

Taking the above results as a whole, there can be little doubt that 
adrenalectomy in birds is rapidly and regularly fatal, even if the operative 


shock is minimized by doing a two-stage operation, and further that large 


amounts of cortin are necessary to maintain life after the operation. This 
conclusion almost certainly explains the lethality of hypophysectomy in 
birds [Mitchell, 1929; Hill and Parkes, 1934]. 

The difficulty of keeping birds alive after the removal of the adrenals 
has made it difficult to study the effects of adrenal deficiency on the other 
endocrine organs and on plumage. The drake and the Leghorn cockerel, 
kept alive for 7 and 13 days respectively, showed no detectable changes in 
growing feathers during this time. Since they were both male birds, 
interference with testis activity would not in any case have affected the 
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plumage. The same applies to the two drakes which survived sub-total 
adrenalectomy, although they must have sustained temporary adrenal 
deficiency. The testes in these two birds were found to have decreased 
appreciably in size at 29 days after the sub-total operation. The testes 
of the Sebright Bantam killed 18 days after sub-total adrenalectomy 
were also much smaller than normal. The other Sebright showed clear 
plumage effects indicative of temporary disturbance of the endocrine 
activity of the testis following sub-total adrenalectomy. The normal 
Sebright Bantam is peculiar in being hen-feathered, and the character- 
istic male feathering appears only after castration. The testes must 
therefore produce some substance capable of having the same effect 
on plumage as the internal secretion of the ovary. In the adrenalecto- 
mized Sebright the feathers growing in the saddle area which was plucked 
for the operation, were definitely abnormal. The first few millimetres, 


corresponding to about 1 week’s growth, of each of the new saddle 


hackles tended towards the capon type, the remainder of the feather 
growing after the first week being of the usual henny type. Interference 
with the circulation of the testes at the time of adrenalectomy could not 
explain this effect, because sub-total castration is inadequate to produce 
the capon type of feather. This temporary change of the feather to the 
capon type after sub-total adrenalectomy is therefore clear evidence of 
testis disturbance, and may be taken to indicate that the adrenal, 
possibly by means of its gonadotropic hormone [Casida and Hellbaum, 
1934] plays some part in maintaining testis activity. 3 
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Potassium ions and vagus inhibition. By E. Lznnarrz. (Introduced 
by H. H. Date.) (From the National Institute for Medical Research, 
Hampstead, London, V. W. 3.) 


Howell [1906] showed that a heart became gradually insensitive to 
vagus inhibition during perfusion with a saline solution free from 
potassium, and that excess of potassium in such a solution, up to a 
strength not directly active, increased the response to vagus impulses. 
Howell and Duke [1908] showed that during vagus inhibition a heart 
liberated K ions into a fluid perfusing it. Recent evidence, concerning 
the chemical transmission of the effects of vagus impulses, raised the 
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question whether this increase of K ions had any connection with that 
process, at any stage. Brown and Feldberg [1935] have shown that 
an increase of K ions in a ganglion causes the appearance there of 
acetylcholine, now generally recognized as the essential transmitter of 
vagus inhibition. I have accordingly repeated Howell and Duke's 
observations, using the isolated auricles of a tortoise heart, filled with a 


measured quantity of Ringer’s solution, and have confirmed the fact that 


stimulation of the vagus, effectively inhibiting the auricle beat, is accom- 
panied by an enrichment of the solution in K ions. Acetylcholine, added 
to the solution in a concentration producing inhibition, caused a closely 
similar output of K ions. When atropine, however, was present in suffi- 
cient concentration to suppress the inhibitory action of vagus stimulation 
or of acetylcholine, neither produced any change in the concentration of 
K ions. The output of K ions appears, therefore, to be connected with the 
inhibitory process in the auricular muscle, and not with the liberation 
of the transmitter by vagus impulses, which atropine does not affect 
[Loewi and Navratil, 1924]. 
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Relation of the pituitary gland to the mobilization of muscle 
glycogen. By H. P. Marks. (From the National Institute for Medical 
Research, London.) 


In previous papers from this Institute [Corkill, Marks and White, 
1933; Cope and Marks, 1934], the increased sensitivity to insulin 
observed after removal of the pituitary. gland has been attributed to 
increased resistance of the liver glycogen to mobilization by adrenaline, 
with consequent delay in restoration of the normal blood-sugar level after 
insulin hypoglycemia. Somewhat more direct evidence that the mobiliza- 
tion of liver glycogen is affected has been furnished by Fluch, Greiner 
and Loewi [1935], who observed that in perfused livers of hypophy- 
sectomized frogs, sugar production from glycogen, whether spontaneous 
or accelerated by the presence of adrenaline, was less marked than in 
normal livers. 

The present communication deals with similar changes in the 
mobilization of muscle glycogen. Cori has shown that muscle glycogen 
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is mobilized by adrenaline in the form of lactic acid rather than of 
glucose, so that a rise in the lactic-acid content of the blood may be 
taken as a fairly reliable indication of mobilization of muscle glycogen, 
just as a rise in blood sugar normally indicates a discharge of liver 
glycogen. I have observed that the rise in blood lactic acid following 
adrenaline injection is on the whole smaller in hypophysectomized than 
in normal rabbits, which suggests that the mobilization of muscle glycogen 
is less pronounced (see also Chaikoff et al., 1935). The following average 
figures illustrate the sort of difference observed: 
ypophysectomized Receiving anterior 
oe (3 rabbits) Normal (9 rabbits) extract (4 rabbits) 
Lacticacid(mg. p.c.) 11 25 34 235 44 46 
The figures show the blood lactic-acid level before, and 1 and 2 hours 
after the subcutaneous injection of 0-2 mg. adrenaline, and were deter- 
mined by the method of Friedemann, Cotonio and Shaffer on the 
zinc (Somogyi) filtrate from 2c.c. of blood. It is seen that the level of blood 
lactic acid is lower in the hypophysectomized rabbit than in the normal, 
both before and after adrenaline, while in the rabbit previously given daily 
injections of anterior pituitary extract, the level is higher. Similar 
differences in the resting lactic-acid value have been noted by others, 
but in the present case it is not possible to say to what extent the results 
may be influenced by a possible discharge of adrenaline consequent upon 
the removal of 2 c.c. of blood from the marginal ear vein. 


A more direct study of the mobilization of muscle glycogen has been 


made on the eviscerated spinal cat preparation, as used by Corkill and 
Marks [1930]. Experiments were made on three hypophysectomized 
cats and three controls, with the following results: 


Adrenaline Muscle glycogen p. c. 
infused 


Normal cats 0-80 0-35 0-24 E 


It will be seen that the actual loss of muscle glycogen is less in the 
hypophysectomized cats, but the difference is not great, and may be 


of doubtful significance, considering the small number of cats used. The 
d 


~ 


| 
| 
| 
#3 muscle 
Poe (mg. per kg.) Initial Final Difference glycogen 
. Hypophysectomized cats 0-80 1-21 1-12 0-09 8 
. 0˙73 0-71 0-55 0-16 23 
. 0-70 1-03 0-95 0-08 8 
3 Average 011 13 
1 
0-70 0-66 0-41 0-25 38 
Average 0-17 36 q 
4 
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difference in percentage glycogen loss, however, is much more pro- 
nounced, on account of the consistently higher level of muscle glycogen 
in the hypophysectomized animals. There is almost certainly some loss 
of muscle glycogen in the normal cat during the preliminary decapitation 
and evisceration of the animal, and presumably this loss of glycogen is 
less in the hypophysectomized cat. If this loss could be avoided, the 
difference in glycogen mobilization would probably be more pronounced. 


Attempts are now being made to accelerate the mobilization of muscle 


glycogen by adrenaline, by previous daily injection of a suitable extract 
of anterior pituitary, but up to the present they have not been successful. 


I wish to express my indebtedness to Dr McPhail and to Dr Rowlands for kindly 
putting hypophysectomized cats at my disposal. 
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Synthesis of acetylcholine in the superior cervical ganglion. 
By G. L. Brown and W. FRI DBE nd. (From the National Institute for 
Medical Research, Hampstead, London, N.W. 3.) 


We have studied the output of acetylcholine (ACh.) during prolonged 
maximal stimulation of the preganglionic fibres of the superior cervical 
ganglion perfused with eserinized Locke’s solution. The venous effluent 
from the ganglion was collected at 5 min. intervals and its ACh. content 
assayed on the leech. During the first 5 min. of stimulation the ACh. 
output is at a high level—a total of 0-ly in 1-2 c.c. From this value, 
the production falls off rapidly along an exponential curve until, 20 
60 min. after the beginning of the stimulation, only 0-01-0-015y is found 
in each 5 min. sample. At this level the output remains, with a very 
slight decline as long as the stimulation is continued. The contraction of 
the nictitating membrane, simultaneously recorded, shows a steady small 
decline from its original value. 

In the course of such a prolonged stimulation, synthesis of ACh. by 
the ganglion takes place. Thus, in one experiment, during 189 min. 
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stimulation, a total of 1-02 ACh. was collected from the right, perfused 
ganglion. Extraction of the left, normal ganglion yielded 0-28y Ach., 
and of the right ganglion, excised after stimulation, 0-2 ACh. Of the 
total output of ACh., about 0-4y was arenen for during the initial 
exponential fall. 

The contraction of the niotitating membrane, and the ACh. output 
of a ganglion which has reached the stage of steady low production, can 
be increased by the injection into the perfusion fluid of minute quantities 
of whole blood or plasma. In some experiments we have observed an 
increase in the ACh. output, and of the contraction of the nictitating 
membrane, after injection of substimulant doses of choline. For 
instance, in one experiment the ACh. concentration in the venous 
effluent had fallen after 75 min. stimulation from 1 : 2 x 107 at the start 
to 1: 1-2 x 10°, and the contraction of the nictitating membrane to about 


one-half of its original extent; injection of 105 choline chloride (in 2 0. o.) 


then caused a gradual increase in ACh. concentration to 1: 4-5 x 107 and 
a return of the nictitating membrane to its previous level of contraction. 

It appears, therefore, that the perfused ganglion, subjected to pro- 
longed stimulation, synthesizes ACh., and that this synthesis is increased 
by blood and, under conditions as yet undefined, by choline. 


Inhibition in a ganglion by excess of acetylcholine. By G. L. 3 
Brown and W. Fripserc. (From the National Institute for Medical 
Research, Hampstead, London, N.W. 3.) 


The preganglionic fibres of the superior cervical ganglion perfused 
with eserinized Locke’s solution have been continuously stimulated with 
nearly maximal break shocks at a frequency between 10 and 15 per sec., 
the contraction of the nictitating membrane being recorded. In these 
conditions, the ascending curve of the contraction of the nictitating 
membrane is interrupted by a partial relaxation which lasts for some 
5 min. and from which recovery takes place to a level higher than the 
original crest. Analysis of this effect shows it to be due to the paralysing 
action of an excess of acetylcholine (ACh.) liberated in the ganglion. 

The amount of ACh. liberated in the early stages of a prolonged 
stimulation is in excess of that required to maintain the nictitating 
membrane in full contraction (see previous communication) and, if pro- 
tected with eserine, rises to a concentration sufficient to exert its secon- 
dary, depressant action on at least some of the ganglion cells. 
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The evidence for this assumption is as follows: 
(a) If, after stimulating for some 40 min., the stimulus is d 


for 3-5 min., renewal of stimulation fails to produce the high initial 


concentration of ACh. in the venous outflow, and the contraction of the 
nictitating membrane now rises along a smooth curve to a steady plateau, 
without any evidence of the inhibition. 

(6) If, during the inhibitory period or the recovery from it, the strength 
of the break shocks is increased suddenly, or if a small dose of ACh. is 
injected, a prompt relaxation of the nictitating membrane occurs. At 
this stage, therefore, increase in the ACh. concentration in the ganglion, 
whether produced by greater strength of stimulation or by injection of 
ACh., has a depressant action. If, after further prolonged stimulation 
has reduced the ACh. output, the same increase is made in the strength 
of the stimuli, or the same dose of ACh. is again injected, both now cause 
increased contraction of the nictitating membrane. 

(c) The inhibitory phase is absent if eserine is omitted from the per- 
fusion fluid. 

The inhibitory effect appears to be a phenomenon only of the 
perfused ganglion, since we have been unable to elicit it with natural 
circulation, however great the amount of eserine administered to the 
animal. 


Perfusion with solution of hemolysed red corpuscles. By G. L. 
Brown and H. H. Dats. (From the National Institute for Medical 
_ Research, Hampstead, London, V. F. 3.) 


We have had favourable experience of the properties of the perfusion 
fluid described by Amberson and Höber [1932], in which washed red 
corpuscles of the ox are hemolyeed with distilled water and made up to 
a volume corresponding to 15 p.c. of red cells, with the appropriate 
quantities of salts to give a “physiological” solution, and freed from 
stromata. We have found great difficulty in removing the debris com- 
pletely by direct filtration or by an ordinary centrifuge. The use of a 

Sharples continuous supercentrifuge makes the whole procedure easy, 
the collection and washing of the corpuscles, and the complete clearing 
of the final solution being readily carried out with this machine. The fluid 
thus obtained is so clear that it can be sterilized without difficulty by 


passing it through a Seitz bacterial filter. It can be stored, without 
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notable deterioration or methemoglobin formation, for many weeks at 
a temperature just below 0° C, The blood vessels of a cat’s limb can be 
perfused for hours without losing their characteristic reactions to hista- 
mine, acetylcholine, etc., and without an important degree of edema. 


REFERENCE 
Am berson, W. and Höber, R. (1932). J. cell. comp. Physiol. 2, 201. 


The significance of the spontaneous discharge from the hori- 
zontal ampulla of the dogfish. By Orro Liéwenstern and A. Sanp. 
(From the Department of Zoology, Birmingham, and the Marine Bio- 
logical Association, Plymouth.) 

Reflex observations on the dogfish by Lee [1894] and on the minnow 
by Löwenstein [1932] have shown that, after unilateral elimination of 
the semicircular canals, rotation in the horizontal plane evokes responses 
in both directions. This appears to indicate that the ampullary sense 
organ receives a double innervation of functionally differentiated fibres. 


Fig. 1. Oscillograph records from the nerve branch from the left horizontal ampulla of the 
dogfish. Above: response to ipsilateral rotation (anticlockwise). Below: response to 
contralateral rotation (clockwise). The arrows mark the beginning of rotation. Note 
So Records read from left to 


In Scyllium canicula it is possible to expose and ligature the nerve 
branch from the horizontal ampulla without damage to the rest of the 
labyrinth. Oscillographic records from this nerve, with the fish stationary, 
showed a spontaneous discharge of action potentials which resembles the 
discharge from the lateral line nerve described by Hoagland [1932-3] 
and confirmed by one of us IA. S., unpublished]. The discharge is strongly 
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increased by ipsilateral rotation, and reduced by contralateral rotation. 

When ipsilateral rotation is stopped the discharge instantly returns to 
the resting level, and may even show a slight decrease below the level of 
the spontaneous discharge. When contralateral rotation is stopped there 
is a vigorous outburst of after discharge, which slowly drops back to the 
level of the spontaneous discharge. 

The spontaneous discharge and responses to rotation were abolished 
by irrigating the nerve with toluol-ringer. A conclusive control test 
could also be performed without the necessity of killing the nerve. In 
the inverted position of the fish the directions of ipsilateral and contra- 
lateral rotation are reversed. Nevertheless, in this position, although the 
spontaneous discharge was weak or absent, a strong response still oc- 
curred during ipsilateral rotation. No response occurred during contra- 
lateral rotation. 

The ampulla displays a form of sensory activity which, so far as we 


are aware, has not been described hitherto. The significance of its spon- 


taneous activity appears to be that it is capable of being diminished as 
well as increased by an adequate stimulus. The assumption of two 


functionally different groups of sensory elements within the crista is 


superfluous, for the two-way modification of the spontaneous discharge 
furnishes a mechanism by means of which right and left rotation can be 
centrally discriminated. 

The behaviour of the ampulla presents the picture of a damped 
- pendulum which, when at rest, maintains a steady excitation of the sense 
cells. Displacement in one direction increases the discharge, in the other 
direction reduces it. Such a model corresponds closely with the current 
conception of the mode of action of the cupula. 

The two opposite ampulle work antagonistically, and when the 
animal is stationary the centre receives an equal afferent discharge from 
each side. When the animal turns to the left the discharge from the left 
side is increased while the discharge from the right is simultaneously 


reduced, and vice versa. It follows that the quantitative effect of rotation 


is greater at the centre than at the receptor on either side. The reflex 
response appears to depend, therefore, upon the central balance of the 
afferent discharges from the left and right labyrinths. 


| REFERENCES 
Hoagland, H. (1932-3). J. gen. Physiol. 16, 695, 715. 


Lee, F. S. (1893). J. Physiol. 15, 311. 
Löwenstein, O. (1932). Z. 11, 006. 
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Neuro-muscular transmission in crabs. By Bzernuarp Karz. 
(Introduced by A. V. Hitz.) (From University College, London.) 


As suggested by P. Hoffmann [1914] and confirmed by Pantin 
[1936], the peripheral neuro-muscular system of Crustacea shows “cen- 
tral” qualities, ¢.g. facilitation and inhibition, due to properties of the 
myoneural junction. 

The tension developed by the muscle (flexor of the dactylopodite of 
Carcinus limb) to repetitive indirect stimulation (short condenser dis- 
charges) is, at 20°C., very small up to about 60 per sec., increases 


Fig. 1. Electric response of crab muscle to nerve stimulation (at 16°C.). A and A’: 
repetitive condenser discharges at 23 and 70 per sec. respectively. B and C: maximal 
constant current stimulus; B: after 0-35 sec. stimulation, rhythm at about 180 per sec.; 
C: initial rhythm about 200 per sec. Note the “beats”, due presumably to slightly 
different frequencies in a small number of motor axons. | 


rapidly between 60-120 per sec., comparatively slightly at higher 
frequencies. Single shocks to the nerve, and even repetitive shocks at 
10 per sec., usually do not cause a visible contraction. 

Facilitation at the nerve endings appears more clearly when oscillo- 
graph records are made, comparing the electric response of nerve and 
muscle at different frequencies of nerve stimulation. (i) The oscillatory 
action potential of the muscle increases several fold with frequency (up 
to about 150 per sec., at 17° C.); (ii) at any given frequency, the electric 
response increases with each successive impulse up to a certain value. 

No local summation in nerve occurs at frequencies at which neuro- 
muscular facilitation is already distinct (successive nerve impulses are 


equal in size from the beginning). 
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The electric response of the muscle, at different intensities of nerve 

stimulation—although not of a complete all-or-nothing character— 
clearly indicates that only a few fibres supply the whole muscle; it may 
even be that the slight gradation observed is due to stimulation of a few 
separate branches of one axon. 
Stimulation of the nerve with constant current of varying ci 
produces a perfectly graded tetanic muscle response, owing to the fact 
that crab nerves give repetitive impulses to constant current, the 
frequency of impulses increasing with intensity [Jasper and Monnier, 
1933]. The muscle shows rather regular electric oscillations, the frequency, 
at 15-18°C., varying with intensity from 30-200 per sec. This again 
indicates the small number of nerve fibres involved. The gradation of the 
electric and of the mechanical response of the muscle is actually due to 
the variation of frequency of impulses and is determined by the number 
of facilitated nerve endings. - 

The multiple response results from the slow accommodation in crab 
nerves [Solandt, 1936]. Rhythmic impulses of a few seconds’ duration 
follow both make and break of long-lasting constant current. Ca, 
quickening accommodation, abolishes reversibly the repetitive response 


(in about 15 times normal blood Ca content); frog’ 8 sciatics, deprived of 


Ca, show multiple response. 
The mechanism of the neuro-muscular transmission is still unclear. 
While acetylcholine, eserine and curare have no effect on the nerve 
endings, K in moderate concentrations (3 times normal content), by 
exciting the nerve endings, causes contracture, starting immediately and 
developing considerable tension (at 8 times normal about 70 p.c. of 
maximum tetanus tension). If the nerve endings are ae 
“curarized” (by MgCl), no contracture after moderate K app on 
occurs. The tension of the K contracture rises rapidly, and gradually 
disappears after a few minutes. The initial part (about 1 min.) is accom- 
panied by electric oscillations, the rhythm gradually slowing down. 
Mg, in 1-5-2 times blood concentration—although not curarizing— 
depresses the facilitation, higher frequencies of nerve stimulation being 
required in order to call the majority of muscle fibres into action. 
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: Alternating current stimulation of nerve. By A. V. HII. 
(From the Department of Physiology, University College, London.) 
-Coppée [1934] has shown experimentally that in A. O. stimulation 
the relation between threshold intensity (i) and frequency (n) is such 
that if i be plotted vertically against log n horizontally a curve results 


which is symmetrical about a vertical axis through the optimum fre- 


quency un This relation, which is rather exact, has been confirmed. 

According to the theory that two time-constants (k, development of 
local potential; A, accommodation) are involved in the effect of current on 
nerve [Hill and Solandt, 1935; Hill, 1935, 1936] the relation between 
i and n during steady stimulation is 


t/ig = (1+ 42 en?) (1 + 
Putting = 1/47°kA this becomes 


thom (14555) (145) 


Put z=log n/m; then = 10. Hence 
%,. (14510) (145 10-*). 

This equation is unchanged if we write —z instead of x; thus if i be 
plotted against z a symmetrical curve results with vertical axis at 
log n/m=0, i.¢. at nm, the optimum frequency. This is in exact 
accord with Coppée’s experiments. 

Coppée refers to the experimental irregularities which occur when 
an alternating current is suddenly started in a nerve at unknown phase. 
These are due to the exponential terms, rapidly decaying, one involving 
ek, the other /, which appear in the excitation equations [Hill, 
1935, pp. 137-8]. The former is chiefly effective at high frequency and is 
greatest when the current starts at phase 0: the latter is chiefly effective at 
low frequency, and is greatest when the current starts at about phase 7/2. 
Both can be avoided by using a steady, instead of a single, response. In 


these respects also the theory agrees with Coppse's experimental results. 
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Shift in optimum rate of stimulation due to prostigmine. By 
Grace Briscor. (From the London School of Medicine for Women.) 


Under normal conditions a fast rate of indirect stimulation produces 
a larger muscular contraction than a slow rate. It has been shown 
[Briscoe, 1935] that after a fairly heavy dose of prostigmine (1 c.c.) 
reversal takes place, in that fast rates (150-160 per sec.) produce smaller 
contractions than slow rates (25-35 per sec.), and at the same time the 
fast - rate response is quickly depressed and becomes twitchlike in 
character. It has now been found that this reversal is due to a downward 
shift in the frequency which produces the largest contraction, whether 
tested by submaximal or supramaximal stimuli. 
B Se D E 


— | 


50 100 150 30 100 150 "30100150 30100 15030 100 150 
Stim. per sec. 

. 1. Cat 2-9 kg. Quadriceps. Circulated nerve-muscle preparation. Dial anzsthesia. 
Ordinates: height of contractions in cm. Abscisse: rate of stimulation applied to 
nerve. Supramaximal stimuli at 30, 50, 75, 105 and 150 per sec. A. Control: rate 150 
produces largest contraction; at 11.57 a.m. 1 o. o. of prostigmine intramuscularly, 
preceded by atropine 2:5 mg. B. 12.8 p.m., rate 150 produces smallest contraction. 
C. 1.59 p.m., partial recovery. D. 2.37 p.m., rate 150 produces largest contraction; 
at 2.57 p.m. 3 min. and at 3,12 p.m. 5 min. of prostigmine. E. 3.18 p.m., rate 150 pro- 
duces smallest contraction. 

Muscle responses have been tested in a routine manner, 2 sec. spells 
of stimuli being applied every 10 sec. and the rate raised between each 
spell. The rates used have been 30, 50, 75, 105 and 150 per sec. Controls 
are taken in random and reverse order. | 

Deterioration of response takes place progressively. In the first few 
minutes after injection response to rate 150 becomes smaller than that 
to rate 105, then the latter becomes smaller than response to rate 7 5, 
until at the end of 10-30 min. the contraction due to rate 150 is the 
smallest, while that due to rate 75 is the largest. Recovery is slow and 
takes from 2-4 hours. When complete the response to rate 150 per sec. 


should not only be the largest, but should have lost its twitchlike 
character. 
REFERENCE 
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The prolongation of the physiological activity of androsterone 
by esterification. By R. K. Calxow. (Introduced by A. S. Parxzs.) 
(From the National Institute for Medical Research, London.) 


.) 3 The prolongation of the response of the capon’s comb to administration 
er bol androsterone acetate as compared with the response to androsterone 
ie was described by Butenandt and Tscherning [1934]. Ruzicka, 
in Goldberg and Meyer [1935] noted that the benzoate had a com- 
td paratively protracted and irregular action. A more detailed and quan- 
er titative study of the action of the benzoate has now been made. 


Comb increase (ZL + H) mm. 
— 


4 20 30 40. 80 

50 Time in days | Equivalent total dose of androsterone 

y. (mg.). Log scale 

. Fig. 1. Fig. 2. 

2g Fig. 1. Growth and regression of combs during and after a 5-day period of administration 

of androsterone - - - - - and of androsterone benzoate . 

i. Fig. 2. Relation of maximum increase of size of comb to log (total dose). 

h In Fig. 1 the series of three dotted curves show the increase of comb 

ls size in response to administration of 1, 2 and 4 mg. of androsterone over 
a period of 5 days and the subsequent regression, plotted from the results 

A of Greenwood, Blyth and Callow [1935]. The point at a is interpolated 

; for a 5 mg. dose from the same data. The series of continuous curves 

0 show the response to 1-36, 2-72 and 6-80 mg. of androsterone benzoate 

d (equivalent to 1, 2 and 5 mg. of androsterone) in birds of the same stock 

4 under the same conditions of administration; both sets of data are for 

5 groups of five birds receiving the same volumes of oil solution. With the 


_ benzoate the maximum response is obtained 10-20 days after the last 
injeotion; the lowest dose gives a maximum response equal to that given 
by the equivalent of unesterified androsterone, the 2-72 mg. and 6-80 mg. 
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doses give, respectively, 50 and 100 p.c. higher responses than the 
equivalent doses of androsterone. Thus the log dose/response curves. 
(Fig. 2) have different slopes. — , 
The factors determining the efficiency of a given dose of hormone 
are the rates of absorption, utilization, destruction and excretion. It 
may be assumed that the distances between the two log dose/response 
curves measured along the horizontal axis correspond to the differences 
between androsterone and androsterone benzoate with respect to these 
factors at different levels of dosage, i. e. on the assumption of 100 p. c. 
absorption and utilization when the benzoate is administered, the antilog 
of this distance represents the sum of the amounts of free androsterone 
destroyed and excreted. It is noteworthy that this amount is directly 
proportional to the dose on the basis of the linear relation assumed here 
between log dose and response. | 
With the difference that variations in the intensity of the response to 
a given dose have been measured in this case, the effect is the same as 
that of the benzoylation on the activity of estrone [Butenandt and 
Störmer, 1932], the accepted explanation being that slow hydrolysis of 
an insoluble and inactive ester by the body yields a small, continuous 
supply of hormone equivalent to an infinite subdivision of the total 
dose, the effect of which is to enhance the efficiency [cf. Marrian and 
Parkes, 1929]. 85 


I em indebted to Dr A. W. Greenwood of the Institute of Animal Genetics, University 
of Edinburgh, for carrying out the injections and measurements. 
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The origin of the histamine-like substance released in anaphy- 
lactic shock. By H. Scamp. (Introduced by I. pz Burcu Daty.) 
(From the Physiology Department, Edinburgh University.) 

Bartosch [1935] discovered that the amount of histamine-like sub- 
stance that can be extracted from lungs is diminished after anaphylactic 
shock. This suggests that the H substance released into the perfusion 
fluid of isolated lungs during anaphylaxis [Bartosch, Feldberg and 
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Nagel, 1932] is produced by the lung tissue and not by the antigen. The 
following experiments test the same problem from a different angle. 
If the H substance is histamine and is formed by a cleavage of the 
antigen, its only conceivable source would be the histidine present in the 
antigenic protein. Again, if the total histamine released during shock 
exceeds the quantity that could be formed from the histidine present in 
the antigen, the source of the H substance must be sought elsewhere. The 
percentage of histidine in ovalbumen is, according to Calvery [1931], 
2-5 p.c. at the maximum. 7 
The lungs of actively sensitized guinea-pigs were isolated and perfused 
with Ringer solution. Anaphylactic shock was induced with minute 
quantities of ovalbumen. The H substance released into the perfusate 
was assayed on the isolated guinea-pig’s gut. The maximal quantity of 
_ histamine that could theoretically be formed from the ovalbumen and the 
_ actual amount of histamine-like substance released in three experiments 
is shown below. 


as su 6 quantity of his 
antigen (v) released (y) from antigen (v) 
1 0-15 0-018 
10 1-13 0-18 
25 0-9 0-45 
These data support the theory that the H substance is not formed by 
cleavage of the antigen. } | 
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The reaction of the guinea-pig’s uterus immersed in a histamine 
solution to histamine and anaphylaxis. By H. Schi. (Intro- 
duced by I. pz Buren Daty.) (From the Physiology Department, 
Edinburgh University.) | 


The discovery that the isolated uterus of the rat, which relaxes with 
large doses of histamine, is contracted in anaphylactic shock [Kellaway, 
1930] appears to contradict the histamine theory of anaphylaxis. It has 
been argued, however, that the discrepancy might not be so significant 
as would appear at first sight in view of the fact that small doses of 
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histamine occasionally contract the isolated rat’s uterus [Best and 
McHenry, 1931]. Alternatively, the assumption has been made that the 
anaphylactic reaction in the rat may differ from that in other species in 
that histamine plays no significant part in its genesis [Kellaway, 1930]. 
That the isolated uterus of the rat is not exceptional, in respect of this 
discrepancy between its histamine and anaphylactic response, can be 
shown in guinea-pig preparations which, under suitable conditions, give 
no contraction to small doses and usually a relaxation with large doses of 
histamine. 

Following a suggestion by Prof. J. H. Gaddum, I have tried to 
desensitize the guinea-pig’s uterus to histamine by keeping it immersed 
in a bath containing a high concentration of the amine. This method has 
been used for other tissues by Barsoum and Gaddum [1935]. Guinea- 
pigs weighing 200-300 g. were passively sensitized to ovalbumen by 
injecting intraperitoneally 0-5-1-0 c.c. rabbit antiovalbumen serum; 
2-3 days afterwards one horn of the uterus of these sensitized animals 
was suspended in Dale-Locke solution in a 20 c.c. bath. On adding to 
the bath 2-4 mg. histamine, the uterus contracts maximally and remains 
contracted for a prolonged period. After 15-30 min. the muscle relaxes 
slightly and a slow continuous rhythm sets in at a high base line, which 
is not unlike that shown by the rat’s uterus. At this stage a further 
addition of a small quantity (50-100y) of histamine is ineffective; but 
the addition of 1-2 mg. of carefully neutralized histamine acid phosphate 
generally produces a relaxation, never a contraction, of the muscle, 
whereas the addition of 1 mg. ovalbumen to the same bath causes a 
maximal contraction with a temporary stoppage of the spontaneous 
rhythm. The relaxing effect of large doses of histamine [Feldberg and 
Schilf, 1930] has been doubtful in some cases, in other instances it was 
well marked and was not produced by a control phosphate solution of the 
same pH and concentration. A second dose of ovalbumen is not effective, 
nor does the same dose cause a contraction of the non-sensitized uterus 
under the same conditions, i 

The discovery of a substance indistinguishable from histamine in 
the perfusion fluid of guinea-pig’s lungs during anaphylactic shock 
[Bartosch, Feldberg and Nagel, 1932, 1933; Spinelli, 1932; Daly 
and Schild, 1934; Daly, Peat and Schild, 1934] makes it highly 
probable that a similar substance is released by the uterus of the same 
species during the anaphylactic reaction. In view of the present experi- 
ments it would appear, however, assuming always that the active sub- 
stance released during anaphylaxis is histamine, that either the histamine 
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released from the cell has a different action from that of histamine 
applied to the cell outer surface or it plays only a secondary part in 
anaphylactic shock. 
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Action of acetylcholine on the aneural chick heart. By W. C. 
and C. L. T. Lucas. 
Medicine for Women.) 


3 Previous work on the action of acetylcholine on the aneural chick 
beart has usually been either on embryos nearly 3 days old or over 
observed macroscopically, or else on hearts explanted from such material. 
In the few experiments described by Plattner and Hou [1931] and by 
Hsu [1933] a definite slowing effect was observed, but Markowitz 
[1931] obtained conflicting results. The variability, and the conditions 
under which the experiments were carried out, suggest need for con- 
firmation. Moreover, Armstrong [1935], working on Fundulus em- 
bryos, reports absence of effect until the nerves of the heart have become 
functional. 
The present experiments have been performed mainly on younger 
chicks (10-27 somites), the blastoderm being excised and observed 
microscopically in 0-95 p.c. NaCl solution kept at a constant temperature 
(usually 27° C.). The advantages of this method of observation are: 
(1) The precise concentration of substances acting on the heart is 
known. 
(2) Their penetration to the heart is rapid. 
(3) The use of the microscope makes possible the observation of 
embryos less than 2 days old, and also of the behaviour of the heart in 
greater detail; further, the exact stage of development can be determined. 
Embryos under these conditions maintain, when undisturbed, a more 
or less regular heart-rhythm for several hours. The hearts, moreover, are 
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found to respond quite typically to such environmental changes as those 
of temperature and K-ion concentration. 

Drugs were used in unusually high concentration because of the beser 
susceptibility of the young heart to their action. 

Acetylcholine effects. Embryos were immersed in a saline solution of 


acetylcholine, as a rule in the concentration of 5 x 10. The general effect 


was a very marked slowing of the heart-beat, or even temporary arrest 
in diastole; often too a diminution in the force of the beat was observed. 
The magnitude of the effect varied considerably with the degree of 
development of the embryo, and also, to some extent, individually. 
Continued exposure to the drug resulted in a gradual return to a regular 
rhythm not far below the normal. This rise in rate was steadier in younger 
chicks, but in the older was interrupted by periodic waves of depression. 


Controls showed that the recovery was due, not to any deterioration of 


the drug, but to the development by the organism of a tolerance towards 
it. Resistance was still shown by the embryo when it was subjected to 
subsequent doses of acetylcholine of the same concentration after inter- 
vening periods, as long as 40 min., in saline. With an acetylcholine- 
adapted” embryo, doubling and even trebling the concentration of the 
drug resulted in only modified response. 

Typical results of acetylcholine treatment. (a) Chick (12 somites). Rate 
slowed from 25 to 12 in 7 min. After 40 min. immersion, rate had 
recovered to 19, and after 103 min. rate was still the same. Immersion in 
fresh acetylcholine of greater concentration caused no diminution of rate 
in the course of 1 hour. , 

(6) Chick (22 somites). Rate slowed from 57 to 8 in 7 min. After 
21 min. rate had recovered to 33. 

(c) Chick (22 somites). Complete arrest of beat for 14 min., from 49, 
with rapid recovery to normal rate in 13 min. Transference to fresh 
acetylcholine, 23 min. later, produced no slowing. 

Atropine. In the experiments so far performed, atropine has been 
used in only a limited range of concentrations, dilute in comparison with 
the acetylcholine solutions. Its antagonistic effect, however, is indicated 
by the instant recovery on transference to atropine, of hearts that have 
been arrested or markedly slowed, by acetylcholine; and further by the 
fact that after preliminary immersion in atropine, the effects of acetyl- 
choline are reduced or abolished. 

Other drugs. Qur observations on the action of eserine and pilo- 
carpine are in preliminary stages. In certain experiments, addition of 
eserine to an “acetylcholine-adapted” heart caused immediate arrest, 
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which was followed, however, by quick recovery. A few tests with pilo- 

carpine have shown a slowing effect which was abolished by atropine. 
Conclusion. Acetylcholine can act directly on the heart muscle before 

innervation, producing an effect similar to that of vagus stimulation in 

the adult. Continued treatment with the drug produces in the heart a 

resistance to its effects. 
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Histamine destruction by the kidney. By G. V. Anrep, G. S. 
Barsoum and M. Tataat. (From the Physiological Laboratory, Uni- 
versity of Cairo, Egypt.) | 

The high concentration of histamine in rabbits’ blood makes it un- 
likely that the relative insensitivity of these animals to histamine might 
be due to a presence in their tissues of a large amount of some histamine- 
destroying agent, e.g. histaminase. This conclusion is supported by the 
following observations. Saline extracts of dogs’ and rabbits’ kidneys 

(1 ¢.c. of saline to each gram of kidney) were allowed to act on normal 

rabbits’ blood and on dogs’ blood to which some histamine was added. 

The histamine equivalent of the mixture was determined before and after 

incubation at 37° C. by the method of Barsoum and Gaddum [1935]. 

A sample of blood to which saline was added instead of the extract 

served as a control. The kidney was used for the extract because this 

organ is known to be poor in histamine and rich in histaminase [Best 
and McHenry, 1930]. In the following experiment 1 c.c. of the extract 
was added to each 10 c. c. of blood and the mixtures were incubated for 


1 hour. 
y/100 c. o. of blood 
Description of sample Before After 

Rabbit's blood + saline (control) | 1250 
Rabbit’s blood + rabbit’s kidney extract 1250 1100 
Rabbit’s blood + dog’s kidney extract 220 

’s blood + histamine + saline (control) 1500 

Deve blood + histamine + rabbit’s kidney extract 1500 1400 
Dog’s blood + histamine + dog’s kidney extract 280 


This and other similar experiments show that while the dog’s kidney 
extract rapidly destroys the histamine present in the rabbit's blood as 
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well as the histamine which is added to the dog’s blood, the extract of 
the rabbit’s kidney fails to do so. 

Similar relations can be observed also in experiments on the whole 
animal. Anrep and Barsoum [1935] find that under conditions of 
adequate circulation the histamine equivalent of the venous blood of a 
resting skeletal muscle is the same as that of the arterial blood. The 
venous blood of the dog’s kidney, however, contains about 50-70 p. c. 
less histamine than the arterial blood. In the rabbit there is no such 
difference within the limits of the accuracy of the method. The following 
figures are sufficient to show the difference between the histamine- 
destroying action of the rabbit’s and dog’s kidneys in vivo. For the 
purpose of comparison some analyses of the femoral venous blood are 

also given. 


Histamine equivalent in 
7/100 c. o. of blood 


Description of sample Arterial Renal Femoral 

1. Dog, normal 2˙5 0-9 2-4 
2. Dog, normal 1-3 0-5 
3. Dog, 5 min. after injection of histamine 14-0 4:5 12-0 
4 — 10 min. after injection of 1 ia 
5 5 — 

4 min. after injection of histamine 50-0 75 — 

17 min. after injection of histamine 22-0 3-5 — 
6. bit 18000 17000 1800-0 
7. Rabbit 1200.0 1300-0 
8. Rabbit 25000 2500-0 — 


The relative insensitivity of the rabbit to histamine cannot be ex- 
plained by an abundance of histamine-destroying agent in the tissues 
(kidneys) of that animal. 
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The excitability of the caudate nucleus. By F. R. MLLxꝝR. 
(From the University of Western Ontario, London, Canada.) 


The caudate nucleus is the first link in the series of basal . 
which form with their connections the extrapyramidal system; special 
interest attaches to this system, owing to its involvement in the syn- * 
dromes of Wilson’s disease, Parkinsonism and paralysis agitans. Despite tg 
the probable motor functions of the caudate nucleus the results of faradic a 
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stimulation have, hitherto, been either negative or of equivocal value, 
largely owing to the proximity of the internal capsule. In the present 
research the nucleus of the cat was exposed under barbiturate anesthesia, 
care being taken to protect its vascular supply and thus to maintain its 
neuronal excitability ; under these conditions the nucleus itself was found 
to be responsive to unipolar and bipolar faradization, as well as to the 
local action of strychnine. Among the effects localized in the nucleus 
by weak faradization are: slight repeated flexions, pro- and supinations 
of both forepaws; slow, rigid flexion of both forelegs, with claws bared; 
slow rigid flexion of both hindlegs; sometimes rigid extension of ipsi- 
lateral hindleg. 1 p.c. strychnine nitrate applied to the nucleus or injected 
into it in minute amount in general duplicates the responses from fara- 
dization in a particular experiment. Other reactions to faradization are: 
dilatation of the pupil, horizontal nystagmus with retraction of the 
nictitating membrane, stronger contralaterally; licking of the lips with 
jaw movements; elevation of tail; drawing of body caudally or turning 
of it laterally; opisthotonus. Since the caudate nucleus is traversed by a 
few corticospinal fibres with collateral endings (Cajal) it is possible that 
some of the contralateral effects may be attributable to these fibres; 
among such effects are contractions of the opposite semitendinosus 
muscle, Strychnine, however, cannot conceivably be effective on the 
corticospinal fibres and, moreover, the responses from this drug simulate 
closely those of faradization; thus the effects of faradization and strych- 
nine, when similar, must be attributed to excitation of the neurones of 
the caudate nucleus. The responses are slow in onset, decline gradually 
and are bilateral in distribution; they thus differ fundamentally from 
the brisk, contralateral effects evocable by faradization of the internal 


capsule. 


The action potential of smooth muscle. By J. C. Eccies and 
J. W. Mactapery. (From the Physiological Laboratory, Ozford.) 


A cathode tube with amplifier and a frictionless optical isometric 
myograph record the electrical and mechanical responses of the cat’s 
nictitating membrane elicited by break shocks applied to the post- 
ganglionic trunk of the superior cervical ganglion. As the stimulus is 
progressively weakened, Fig. 1 (from above downwards) shows that there 
is a parallel lengthening of the initial electrical wave A (earthed lead 
on muscle negative to grid on the free edge), indicating an increased 
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asynchronism of the component unit responses, but there is no appreci- 
able lengthening of the shortest “synaptic” delay (c. 20 msec.). The 
second negative wave B obliterates the diphasic component of A, which 
is, however, always demonstrable. The later positive wave seems to be 
the diphasic component of B, and with maximal responses it usually is 
followed by a decelerating rhythmic series of negative waves (Fig. 2), 
which suggest a tetanic response. This is confirmed by the corresponding 
undulations in the maximal “twitch”’, which consequently is much more 
prolonged than a weak submaximal twitch. 


No additional A wave is set up by a second maximal stimulus at less 
than 50 msec.; but, if within 30 msec., it decreases the asynchronism of 
the initial 4 wave, i. e. by further shortening the “synaptic” delays of 
the slower units it continues the effect of an increase in the single volley, 
an effect thus indicated to be due to summation of the excitations pro- 
duced by several nerve impulses in each of these units. The relatively 
refractory period for the A response continues for about 200 msec. 


beyond the absolutely refractory period of 50 msec. A small submaximal | 


volley at intervals up to 300 msec. after a similar volley evokes a 
facilitated A response, the facilitation decreasing as the intérval lengthens, 
hence with the submaximal 4 response there is a subliminal fringe of 
excited units, a further indication of convergence of nerve fibres on 
single units. The electrical and mechanical responses to any volley up to 
maximal can be duplicated by two suitably chosen smaller volleys at a 
short interval, even the late rhythmic waves being produced by the 
combination of two submaximal volleys too small to elicit them when 
alone. 

The foregoing evidence and analysis of responses with volleys at 
different intervals contraindicate the tentative interpretation of the 
action potential by Lambert and Rosenblueth [1935] and suggest the 
following provisional hypotheses. | 
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(1) Smooth muscle is composed of units which, like those of skeletal 
muscle, give all-or-nothing electrical and mechanical responses to nerve 
impulses, an absolutely and relatively refractory period following each 
response. | 

(2) Most of these units give a single A response to a maximal volley 
with a “synaptic” delay of at least 20 msec., such a short delay being due 
to summation of the exciting effects of several impulses in different post- 
ganglionic fibres. With smaller volleys there will be less summation, 
hence with some units a lengthening of “synaptic” delay, with others a 
secession into the subliminal fringe. 

(3) B is the response of those units not responding to A, hence it is 
smaller with a maximal volley where A is large, than with a submaximal, 
but it too falls off as the submaximal volley becomes very small. 

(4) B is the first of the rhythmic waves, each being compounded of 
the single short diphasic responses of units becoming progressively 
further out of phase (cf. Fig. 2). The shortness of the first cycle may be 
due to facilitation quickening recovery from the refractory period 
following A and B, a longer refractoriness probably determining the later 
longer cycles. 

The response A closely resembles the spike response of skeletal muscle 
and of ganglia, the synaptic transmissions presumably being of similar 
type. B and the later rhythmic responses show the prolonged action 
characteristic of chemical transmission. This interpretation of the dual 
transmission mechanism agrees closely with that suggested by Monnier 
and Bacq [1935]. 
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An electrical time recorder controlled by a leaking condenser. 
By M. R. Gurp. (Introduced by J. H. Burn.) (From the College of 
te Pharmaceutical Society, London.) 


Trouble having been experienced with time recorders depending on 
pendulum or clockwork movements, a new type has been constructed 
which is entirely electric. The arrangement is represented in Fig. 1 in a 
diagrammatic form. V is a thermionic valve (type PM 2 DX); Ris a 
telephone relay operating on a current of 2 mA and fitted with two pairs 
of contacts, A and B; C is a 1 mfd. condenser; L is a grid leak of high 
resistance; P is a 50,000 ohm potentiometer; M is the magnet of the 
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marker which records on the drum. The valve filament and the marker 
are operated by separate two-volt accumulators, while the anode 
current is supplied from the mains. The operation of the apparatus 
is as follows: on switching on, the relay at once closes; the closing of 
contacts A operates the marker, and the closing of contacts B charges 
negatively that side of condenser C which is connected with the grid of 
the valve. The negative charge on the grid greatly diminishes the anode 


AAAAA 


| 
Fig. 1. 


current, and relay R opens. The charge on the grid slowly leaks away 
through the resistance L, until sufficient anode current passes to close me 
relay again, after which the cycle is repeated indefinitely. 

The time interval is variable from a fraction of a second to a minute 
or more, by varying the value of the grid leak and the position of the 
potentiometer, the latter acting as the fine adjustment. A 3 meg. leak is 
suitable for intervals of 5 or 10 sec., while a } meg. leak will give fractions 
of a second. The cost of the apparatus is low, and after the relay and 
potentiometer have once been adjusted, it =r no attention beyond 
the recharging of the accumulators. 8 
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The effect of certain substances on the transmission of excitation 
from motor nerve to voluntary muscle. By S. L. Cowan. 


A frog’s nerve-sartorius preparation (R. temporaria) was immersed 
in 50 0. c. of a heavily buffered bicarbonate Ringer’s solution at pH 7-2 
and at 15°C. When stimuli were applied to the nerve at a frequency of 
150 per sec. the myogram showed a mild degree of Wedensky inhibition 
(w.1.). On continuing stimulation after the maximum degree of inhibi- 
tion the tension rose again slowly, remained at a ay value for several 
seconds, and then declined very slowly. 

When slower rates of stimulation were used (50-100 per sec.) w. I. 
did not occur, but the tension rose on a smooth curve and then slowly 
fell. When the stimulus was applied directly to the muscle the tension 
rose in a similar way and then fell very much more slowly. The difference 
between the areas of curves obtained by direct and indirect stimulation 
at 50-100 per sec. was taken as a measure of neuro-muscular transmission 
fatigue (r. r.). The effects of various alterations in the conditions were 
studied. None of these conditions affected the response to a single shock. 

pH. Small decreases in pH delayed the development of r. v. and 
diminished w.1. Small increases of pH had the opposite effects. 

Acetates, etc. Treatment of preparations with Ringer’s solution in 
which 10-50 millimols per litre of the sodium chloride had been replaced 
by sodium acetate delayed the onset of T. r. and augmented w.1. The 


effects of acetate were different when the concentration of CaCl, was also 


low (0-008-0-01 p.c.); W. I. was then diminished so that the final rise of 
tension occurred earlier and reached a higher value than in untreated 
preparations. 50 millimols per litre of pyruvate or propionate had actions 
similar to those of acetate. All these salts have an action on rabbits’ gut 
which is probably due to the synthesis of active choline esters [Le Heux, 


1921]. 
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Choline. 0-015-0-15 millimol per litre of choline had the same effects 
as comparatively high concentrations of acetates. 

Prostigmin. Small doses (0-5-5 fg. in the 50c.c. bath) diminished 
T. 7. and deepened the mild degree of w. I. which occurs in untreated 
preparations. After larger doses (20-100 /g.) the initial contraction was 
diminished, being interrupted by a marked inhibition followed by a very 
low rise of tension which was maintained at its maximum value for at least 
5 sec. All these effects of large doses of prostigmin were antagonized by 
curarine. Stimulation at 20 per sec. produced a smooth curve. This result 
is similar to that of Briscoe [1936a, 1936 ö]. 

It might be suggested that this effect of high concentrations was 
due to a curare action of the prostigmin itself. Experiments with phenyl- 
trimethylammonium iodide gave evidence against this suggestion. The 
cation of this salt differs from that of prostigmin only in the absence of 
the urethane group. In concentrations of 0-1-10 micromols per litre 
this substance produced no change in the myograms. 

Prostigmin (0-03-1000 micromols per litre) was without effect on the 
action current (galvanometer deflection x time) produced in sciatic nerve 
trunks in response to single or repetitive stimuli even after 4 hours’ 
treatment. Concentrations of 0-03-30 micromols per litre produced no 
change in the mechanical response when the pelvic end of the sartorius 
was stimulated either by single shocks or tetani. 

Discussion. The response to a single impulse clearly differs from the 
response to a series of impulses in the fact that it is not potentiated by 
prostigmin. If the response to a single impulse is due to the liberation 
of acetylcholine [Dale and Feldberg, 1934] this must reach a sufficient 
local concentration to set up an all-or-none response in the muscle fibre, 
which differs from the graduated response to graduated doses of acetyl- 
choline applied to the whole muscle. 

The inhibitory phase of the response after large doses of prostigmin 
is probably of the same nature as the inhibition seen by Brown and 


Feld berg [1936] in their experiments with the superior cervical ganglion — 


treated with eserine. It is 3 due to excess of acetylcholine. 


REFERENCES 
Briscoe, Grace (1936a). J. Physiol. 86, 1 P. 
Briscoe, Grace (19366). Ibid. 86, 48 7. 
Brown, G. L. and Feldberg, W. (1936). Ibid. 86, 10 P. 


Dale, H. H. and Feldberg, W. (1934). Ibid. 81, 39P. 
Le Heux, J. W. (1921). Pfliigere Arch. 190, 280. 
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The effect of colchicine on regenerating liver. By A. M. Brozs. 
(Introduced by E. Boy.ann.) (From the Research Institute, The Cancer 
Hospital (Free), London.) 


Colchicine has been shown by Lits [1934] to arrest mitosis after it has 
commenced, and this has appeared to be preceded by a strong mitotic 
impulse [Dustin, 1934]. The effect is seen in all tissues in which cell 
division occurs to any extent, but is slight in normal liver. It is of in- 
terest to know whether there is any stimulating or retarding effect on the 
onset of mitosis. 


0 0 
0 L 4 
0 4 8 12 16 20 
Hours after beginning of mitosis 


Following partial hepatectomy in the rat (with removal of about 
68 p. o. of the organ) the residual liver begins at once to hypertrophy; cell 
division begins 24 hours later, and it has been shown [Brues and Marble] 
that the number of cells then follows approximately the empirical formula: 


when t is expressed in days and =0 at operation, and N is the fraction of 
the original number of cells which is present at a given time. We can 
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multiply the right side of the equation by the ratio of the original liver 
to the residual liver (2-98), and then the change in N between f= O and 
any later time is the number of added cells proportional to the number 
present after operation. This is shown in the accompanying curve. If all 
increase is by mitosis, and if colchicine stops all mitoses without other 
accelerating or retarding effect, N should equal the proportion of cells in 
arrested mitosis at any time. 

A number of rats were given 0-1 or 0-2 mg. of colchicine per 100 g. 
body weight subcutaneously 22 hours after operation and at 8-hour 
intervals thereafter, and killed at various times. The percentage of hepatic 
cells in arrested mitosis at various times is shown on the graph, and is seen 
to remain near or below the theoretical curve, making it appear that there 
is no stimulation of mitosis. Smaller doses generally do not have this 
effect; with larger doses often abnormal mitoses are seen (presumably 
those which were present when the drug was given) but the onset of any 
new ones is inhibited. } 

It is hoped that this preparation will be of value in studying the 

physiology of tissues during widespread mitotic activity. 


REFERENCES 


Brues, A. M. and Marble, B. B. (1936). (In the Press.) 
Dustin, A. P. (1934). Bull. Acad. Roy. Med. Belge, 14, 487. 
Lits, F. (1934). C. R. Soc. Biol., Paris, 115, 1421. 


Effect of phase change on the human ear. By H. HARTRIDOR. 


The Resonance-Volley Theory rests on three pieces of evidence: 
(a) that different parts of the cochlea respond to different audible fre- 
quencies; (b) that changes of potential synchronous with different audible 
frequencies are obtainable from the cochlea; (c) that the isolation of 
different frequencies at different parts of the cochlea is due to resonance. 


While the evidence for (a) and (b) is slowly accumulating and is generally 


considered to have reached a satisfactory state, that for the existence 
of resonators in the ear is not nearly so satisfactory. It is important, 
therefore, that such evidence as exists should receive the closest possible 
scrutiny. Using a de la Tour siren I found [Hartridge, 1921] that 
suddenly putting a musical tone out of step with itself (phase change of 
180 degrees) caused a beat to be heard by an observer. Bekesy [1928], 
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using a different method, depending on current reversal in telephones, 
failed to observe the effect. It was important therefore to obtain inde- 
pendent evidence that the phase-change beat exists. For this purpose 
I designed a siren of different construction, in which the phase change 
is obtained without any temporary change in pitch or temporary inter- 
ruption in the musical tone. With this siren the beat is very clearly 
audible. 

Now the beat might be due to the change of phase first arresting the 
resonators in the ear and then setting them into vibration again. But it 
might also be explained in other ways: (1) sound reflected from walls of 
a room temporarily interfering (in a physical sense) with the sound in 
its new phase [Beatty]; (2) sound received by one ear (e.g. right ear) 
temporarily interfering with sound received by the other ear (e.g. left 
ear) and conveyed by bone conduction to the first ear (e.g. right). The 
experiment was therefore repeated in a room having walls with strong 
sound absorbing properties (kindly lent for the purpose by the General 
Electric Company). It was also done in the open air. As the phase 
effect is still present with normal intensity, sound reflection does not 
appear to play a significant part. The sound was also led into one ear 
only, the external auditory meatus of the other ear being blocked. The 
beat was not noticeably affected, and therefore bone conduction from 
the other ear does not appear to be important. The possibilities left are 
that the beat might be due to (3) some unexpected interaction of the 
harmonics of the siren tone, or (4) to some interfering phenomenon in 
the air which causes it to be unable to conduct for a significant period 
of time the sound after it has suffered the change of phase. With the 
help of Drs Hallpike and Rawdon-Smith at Middlesex Hospital, these 
two latter possibilities have been investigated and will be presented 
separately as a joint communication. It has been found possible to 
arrange the physical conditions so that the siren emits a tone approxi- 
mately free from harmonics. Under these conditions the phase-change 
effect is clearly heard by the ear. It has also been shown that the air 
conducts the phase change without difficulty. 


Bekesey, G. (1928). Phys. Z. 29, 293. 
Hartridge, H. (1921). Brit. J. Psychol. 11, 277. 
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Notes on a sine wave and phase-change siren. By C. S. HALLrixn, 
H. Harreipce and A. F. Rawpon-Smirs. 


A siren has been described elsewhere by one of us which has been 
used for the investigation of the phase-change effect on the human ear. 


Such a siren could clearly be used for the study of similar effects in the 


cat’s ear using Wever-Bray technique. It might also be used for studying 
the rate of building up of tones at their commencement and their rate 
of decay at their cessation. In all such experiments it would be a great 
advantage if a pure tone (free from harmonics) could be caused to be 
generated by the siren. A jet of compressed air was blown on to the slots 
of the siren to set up the musical tone. Opposite this jet, on the other 


Phase Phase change 


Oscillograph record. Upper tracing represents the microphone response from the loud- 
speaker. Lower tracing represents the amplified output from the photocell. Frequency 
1000~. The lag in the phase change of the microphone record is due to the time of 
travel of the sound from loud-speaker to microphone. 


side of the disc, was placed the mouth of a wide-bore tube leading to a 
piezo-electric microphone. The voltage variation of the microphone after 
suitable valve amplification was fed to a cathode-ray tube and photo- 
_ graphed. With a narrow high-velocity jet a moderately good sine wave 
form was seen in the photographs. Different-sized round jets were tried 
and a nearly perfect sine wave was obtained with an oval jet (4 mm. 
by 6mm.). It was not however found possible to eliminate marked 
high-frequency components due to the impaction of the air jet upon 
the edges of the slots. And in order to maintain the intensity level of 
the fundamental well above that of these high-frequency components, 
it was found necessary to restrict the frequency of the fundamental to 
400 ~ or less. 

In order to eliminate these high-frequency components the following 
variation in technique was adopted. The disc was used to produce inter- 
ruptions in a beam of light impinging on a photo- electric cell, The voltage 
variations thus set up were amplified and were passed simultaneously 
to a cathode-ray tube and a moving-coil loud-speaker. With suitable 
adjustments of the beam of light, it was found possible to produce a 


thee 


4 


ↄi 


. 
8 Ps 
© 
. 
fa 
12 
an 
N 
* 
8 
2 
* 
4 
| 
2 | 
* 
3 
* 
] 
4 | 
| 
| 
| 
4 | 
| 
x 
| 
| 
| 
wy 
a 
reed 
‘ 
3 
3 — 
2 


SOCIETY, FEBRUARY 15, 1936 67 P 


response of good wave form both from the amplified output of the 
photocell and from the amplified output of the microphone used to 
assess the response of the loud-speaker. The potential changes in both 
cases were fed to a pair of cathode-ray oscillographs and photographed 
simultaneously upon a single strip of fast-moving bromide paper. : 

This record shows (1) that the wave form both of the amplified 
output of the photocell and of the resulting loud-speaker response 
approximates very closely to a sine wave, (2) that the change of phase 
corresponds to 180°, causing crest and trough to change positions on the 
time base, (3) that the phase change occurs smoothly and rapidly without 
the generation of marked harmonics. When the loud-speaker is listened 
to the beat is clearly heard, thus confirming the experiment in which the 
sound is directly generated by a jet of air on the siren disc. The beat must 
therefore be due to the eo effect shown to occur in the micro- 
phone record. 


The effect of strychnine on the time constant ofnerve excitation. 
By H. D. Bouman. (Amsterdam ; Rockefeller Fellow, University College, 
London.) 


According to Lapicque [1906, 1908] strychnine decreases nerve 
chronaxie, leaving muscle chronaxie unaltered. Threshold muscle twitch 
was always used as index of nerve response. Renquist and Parvianen 
[1931] have pointed out the difficulties attending the use of threshold 
contraction. Experiments, therefore, were made to find whether this 
effect of strychnine is still present when the action current of the nerve 
itself is used as index of excitation. By so doing possible effects of fatigue 
in muscle or neuro-muscular junction are avoided, and any desired fraction 
of maximal response can be used as index. The nerve was stimulated by 
repetitive one-way condenser discharges at about 20 per sec. The action 
currents were integrated by a slow galvanometer [Hill, 1934; Scott, 
1934]. A maximal response was about 5 cm. on the galvanometer scale, 
and semi-maximal responses were obtained by adjusting voltage for each 
condenser setting. Frogs’ sciatics (Hungarian Rana esc.) were used at room 
temperature, the strychnine solution being 0-3 p.c. in Ringer, as used 
by Lapicque. The time factor z as defined by Hill [1935] was deter- 
mined: this bears a constant ratio to chronaxie: the determination of k, 
however, depends on the entire curve, so that the effect of experimental 
error is reduced. 
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Using semi-maximal action current as index of nerve excitation, it 
was impossible to produce any change in & (or in chronaxie) by soaking 
the nerve in strychnine Ringer, even after 14 or 1} hours’ immersion. 

The complete disagreement with Lapicque’s results could only be 
due to a different way of detecting the nerve impulse. The experiments, 
therefore, were repeated, using minimal response as index. This is a 
repetition of Lapicque’s experiment, but with repetitive stimulation 
and determination of the entire strength-duration curve instead of a 
single chronaxie measurement. Part of the nerve was soaked in the 
strychnine solution. Lapicque has shown that under those conditions 
curarization does not develop, while the change in chronaxie is the same 
as when the whole preparation is soaked, provided that the stimulating 
electrodes are placed on the treated part. The effect of strychnine on k 
was now apparent, viz. a decrease of about 50 p.c. in most experiments. 
This agrees completely with Lapicque’s results. 


The difference between the two sets of experiments might be due either 


to using in the one case semi-maximal response, in the other threshold 
response, or to using action current response in one case, muscle response 
in the other. To test this, experiments were made with semi-maximal 
muscle response. Considerable difficulty was encountered owing to 
muscular fatigue, and elaborate checks were taken: any preparation 
showing fatigue during the experiment was rejected. When semi-maximal 
muscle response was used as index of excitation, no difference was found 
in k after treatment of the nerve with strychnine. 

This difference between minimal and semi-maximal response sug- 
gested an explanation of the mechanism of the strychnine effect, which 
was tested. It was possible that strychnine might reduce the excitability 
of the slower fibres more than that of the quicker ones. The k found after 
strychnine intoxication would then be that of the more rapid fibres. In 
the experiments with semi-maximal response many different fibres would 
be stimulated, so that the slower fibres would be relatively less prominent. 
This would require that in normal nerve the slowest fibres should have 
the lowest threshold. In that case the factor k should be larger if threshold 
response were taken than if semi-maximal response were taken. Experi- 
ments were made, on the same preparation, comparing the values of k 
obtained with minimal or semi-maximal response. When any difference 
was found it was in the wrong direction: the k determined with threshold 
response was rather smaller than with semi-maximal response. This 
agrees with earlier experiments in which a few points only were deter- 


mined [Bouman, 1931]. Thus the above explanation does not hold, and 
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some other difference between minimal and semi-maximal response must 
account for the disagreement. The physiological significance, however, of 
the effect of strychnine on the chronaxie of nerve is doubtful, if it cannot 
be repeated with constant, not minimal, response as index of excitation. 
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